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PREFACE

The book continues the tradition of providing a firm foundation in chemical
calculations. I have included quite a good number of problems with hints
wherever necessary. The challenge to me has always been to present a solid
understanding of the basic facts and principles of chemistry. I am fully
confident that the present book will help the students prepare for the JEE and
other engineering and medical entrance examinations.

The design of question papers, particularly of the JEE, changes from time
to time. Remember that chemistry has not changed. I feel strongly that if you
understand the subject well, you can solve any question in any form. I have
also noticed that questions are now being asked from all chapters including
the mole concept, stoichiometric calculations, etc. Previously, it used to be
selective. Another important fact is that the questions are sometimes too
difficult for students of +2 level. In that case you may consult my book
‘Modern Approach to Physical Chemistry, volumes I and II" for an advanced
knowledge of physical chemistry. Basically, read every chapter very carefully
till you have a vivid picture of the subject in your mind. Finally, follow Swami
Vivekananda’s saying,

Arise, Awake and Stop Not
till the goal is achieved.

Ramendra C Mukerjee

PREFACE TO THE EIGHTH EDITION

I take immense pleasure in presenting you the eighth edition of this book. On
the basis of helpful suggestions given by learned teachers and students from
all over the country, and also in view of the recent changes in the syllabus and
in the examination pattern of IIT-JEE, all the chapters have been critically
reviewed. Some changes in the presentation of the text and the necessary
additions, both in the text and in the problems, have been carried out. The
revision chapters 21 and 22 have been updated by including the questions
asked in IIT-JEE of the recent past years. My goal in this revision is to provide
students with the best possible tool for learning numerical chemistry, by
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incorporating and amplifying features that enhance their understanding of
concepts. Here are some of the new features:

The presentation of thermodynamics has been reorganized. The
consistent presentation helps to consolidate the concepts of thermodynamics.
As the central concepts of chemical change are best understood in the
sequence of chemical thermodynamics (Is the forward or the reverse reaction
favoured?), chemical thermodynamics is now placed as Chapter 14, followed
by chemical equilibrium (Chapter 15), ionic equilibrium (Chapter 16—How
far the reaction would go?) and then by chemical kinetics (Chapter 17—How
fast the reaction would go?).

Though the oxidation and reduction processes have been discussed in
chapters 6, 7 and 18, a new chapter (19) on the concepts of oxidation number
and its application to balance redox reactions has been added. Chapter 20 on
solid state has been extended by including the liquid state. Chapters 21 and 22
contain only problems for the purpose of revision.

Many of my colleagues have helped me write this book, to all of whom I
am sincerely thankful. I especially thank Mr D Kumar, former Head,
Chemistry Department of our college, with whom I have discussed many
problems, and Dr G K Verma, C M P Degree College, for offering me many
useful suggestions. I am greatly indebted to Prof. S S Shukla, Lamar
University, Texas, USA, for going through the manuscript of the first edition
and making invaluable suggestions. I wish to express my appreciation to all
the students and teachers who have been kind enough to write letters with
helpful suggestions for the improvement of the book. Special thanks are due
to my own students for pointing out a number of errors. Finally, I thank all
the members of the Bharati Bhawan family who were involved in the
production of this edition.

I believe this edition will continue to prove useful to the students and
interesting to the teachers.

132 B/2A, Alopibagh Ramendra C Mukerjee
Allahabad 211 006
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A Message

Dear Students,

This is a textbook on chemical calculations primarily intended for
students who are preparing for the entrance tests of IIT and other
engineering colleges. This text is equally useful to the students of
Intermediate(+2) and BSc classes of Indian universities.

Chemistry is just one of the subjects you have to study and, therefore,
you have limited time for each subject. Keeping in mind your limited
time and requirements, I have tried my best to write this book in such a
way that it fulfils your requirements. The special features of the book are:

1. This book has been written in the language of the mole, as the concept
of mole is a basic tool in understanding chemistry. Try to have fun with
the mole; I did.

2. Sufficient fundamental principles have been provided before introducing
problems. These principles, in the form of rules or equations, have been
referred to throughout the book while solving problems. This will help
you in following each step of the solutions of these problems.

3. A wide variety of problems have been selected; at the same time
repetitions of similar types of problems have been avoided. This allowed
me to give maximum coverage in minimum space.

4. Mixed system of units including SI units have been used in this text in
accordance with the latest trend of the entrance tests of IIT and most of
the other engineering colleges. Moreover, a selected list of basic and
derived SI units and conversions of selected nonsystem units to SI units
have been provided at the beginning of the book to help you solve
problems using different systems of units.

Finally, I would like to suggest two important points so that you can take
the maximum advantage from this book.

e Read Chapter 1 and Chapter 14 very carefully as both these chapters
have wide applications in other chapters.

e Do not jump directly to solving the problems until you have
thoroughly gone through the text provided at the beginning of each
chapter.

Ramendra C Mukerjee

v)






Selected SI Units (Systeme International d” Unites)

Unit

Quantity

Name Symbol
Basic Units:
Length metre m
Mass kilogram kg
Time second s
Electric current ampere A
Temperature kelvin K
Luminous intensity candela cd
Amount of substance mole mol
Derived Units:
Volume cubic metre m®
Density kilogram per kg/m?’

cubic metre

Force newton N (kgm/s?)
Pressure pascal Pa (N/m?)
Energy, work, heat joule J (N-m)
Power watt W (J/s)
Quantity of electricity coulomb C (As)
Electric voltage, volt V(W/A)
electrical
potential, emf
Resistance ohm Q(V/A)
Conductance siemens Q!
Frequency hertz Hz (s71
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Conversion of Selected Nonsystem Units to SI Units

Quantity

Length

Mass

Volume

Pressure

Energy, work, amount
of heat

Unit

centimetre
micrometre (Lm)
nanometre (nm)
angstrom (A)
inch

gram

litre

bar

atmosphere (atm)
millimetre of Hg
or torr

electronvolt (eV)
calorie (cal)
kilocalorie (kcal)

erg

(viii)

Conversion factor to SI

1x10%m
1%x10 °m
1x10°m
1x10 "m
2:54% 10 % m

1x10°kg
1x1073 m®=dm®

10° Pa
1-01325 x 10° Pa
133-322 Pa

160219 x 107 ]
41868 ]

4186-8]

10777



Values of Selected Fundamental Physical Constants

Quantity

Planck constant

Avogadro number
(Avogadro constant)

Boltzmann constant

Gas constant

Molar volume of gas at
NTP

Velocity of light
Electron mass

Electron charge

Faraday constant

Symbol
h

N

e

Acceleration due to gravity g

Atomic mass unit

amu

Value
=6:6262x 10" erg - s
=66262 x 107 ] - s (SI)
=6-022 x 10® mol™! (S])

=1-3807 x 10" " erg deg ™

molecule”

=1-3807 x 10”2 JK~ ! (SI)

=8314x 107 erg deg ' mole™'

=8314 JK ' mol ! (S])

=0-0821 L - atmdeg™ ' mole™!

=1-987 cal deg™ ! mole™"
=22:414 L mole '

=22414 x 10" m® mole™ ! (S])

=2.998 x 10" cm s~!
=2998 x 108 m s (SI)
=9109x10 % g
=9-109 x 10" kg (S)
=4-803 x 10" Y esu

=1-602 x 10~ " coulomb (SI)

= 96485 coulomb eq '

= 96484 coulomb mol ! (SI)

=980-665 cm s~ 2
=9-80665 m s 2 (SI)
=1-66 x 10~% kg (SI)

Q

(ix)
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A Few Abbreviations Used in This Book

Principle of Atom Conservation POAC
Weight Wt.
Atomic weight At. wt.
Molecular weight Mol. wt.
Equivalent weight Eq. wt.
Gram Equivalent or Equivalent Eq.
Equation Eqn.
Equilibrium Eqgb.
Milli-equivalent m.e.
Molar M
Molal m
Normal N
Demal D
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CHAPTER ONE

ELEMENTARY PROBLEMS BASED ON
DEFINITION OF MOLE: THE MOLE CONCEPT

The mole concept is an essential tool for the study of the fundamentals of
chemical calculations. This concept is simple but its application in problems
requires a thorough practice.

The Mole

The 14th General Conference on Weights and Measures (1971) adopted the mole
(mol) as the basic SI unit of the amount of a substance.

There are many ways of measuring the amount of a substance, weight
and volume being the most common. But the basic unit of chemistry is the
atom or a molecule and to measure the number of atoms or molecules is,
therefore, of foremost importance.

Mole in Latin means heap or mass or pile. A mole of atoms is a collection
of atoms whose total weight is the number of grams equal to the atomic
weight. As equal numbers of moles of different elements contain equal
numbers of atoms, it is convenient to express amounts of the elements in
terms of moles. Just as a dozen means twelve objects, a score means twenty
objects, chemists have defined a mole as a ‘definite number’ of particles, viz.,
atoms, molecules, ions or electrons, etc. This ‘definite number’ is called the
Avogadro constant, equal to 6:022 x 10”, in honour of Amedeo Avogadro.
However, for many years scientists have made use of the concept of a mole
without knowing the value of the Avogadro constant. Thus, a mole of
hydrogen atoms or a mole of hydrogen molecules or a mole of hydrogen ions
or a mole of electrons means the Avogadro constant of hydrogen atoms,
hydrogen molecules, hydrogen ions or electrons respectively.

The value of the Avogadro constant depends on the atomic-weight scale.
At present the mole is defined as the amount of a substance containing as
many atoms, molecules, ions, electrons or other elementary entities as there
are carbon atoms in exactly 12 g of '>C. The value of the Avogadro constant
was changed by a very small amount in 1961 when the basis of the
atomic-weight scale was changed from the naturally occurring mixture of
oxygen isotopes at 16 amu to '>C, which put oxygen at 15.9994 amu.

It is quite interesting and surprising to know that the mole is such a big
number that it will take 10" years to count just one mole at the rate of one
count per second, and the world population would be only of the order of
10 mole in chemical terminology.



2 Modern Approach to Chemical Calculations

In modern practice, a gram-molecule and a gram-atom are termed as a
mole of molecules and a mole of atoms respectively, e.g., 1 gram-molecule of
oxygen and 1 gram-atom of oxygen are expressed as 1 mole of O, and 1 mole
of O respectively. Similarly, gram-equivalent shall be written as equivalent.

The number of moles of a substance can be calculated by various means.
The choice of method depends on the data provided.

RULES IN BRIEF
The following are the definitions of “‘mole’ represented in the form of
equations:

weight in g

(1) Number of moles of molecules = s
molecular weight

weight in g
(2) Number of moles of atoms =———F———
atomic weight

volume at NTP
standard molar volume

(3) Number of moles of gases =

(Standard molar volume is the volume occupied by 1 mole of any
gas at NTP, which is equal to 224 litres.)

(4) Number of moles of atoms / molecules / ions / electrons

no. of atoms/molecules/ions / electrons

Avogadro constant

(5) Number of moles of solute = molarity x volume of solution

in litres
or no. of millimoles = molarity x volume in mL.
Millimoles
W = moles

(6) For a compound M, N, x moles of N =y moles of M

These rules are very important and have been frequently applied
throughout the book. In the beginning, the rules have been mentioned
wherever they are applied in solving problems. Before discussing the mole
concept in further detail, the understanding of a balanced chemical equation
is necessary.

Significance of Chemical Equations

A chemical equation describes the chemical process both qualitatively and
quantitatively. The stoichiometric coefficients in the chemical equation give
the quantitative information of the chemical process. These coefficients
represent the relative number of molecules or moles of the reactants and
products, e.g.,
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2KCIO; (s) —>  2KClI (s) + 30, (g

2 molecules 2 molecules 3 molecules
or 2 N molecules 2 N molecules 3 N molecules
or 2 moles 2 moles 3 moles

(if N is Av. const.)
Again, Avogadro’s principle states that under the same conditions of
temperature and pressure, equal volumes of gases contain the same number
of molecules. Thus, for homogeneous gaseous reactions, the stoichiometric
coefficients of the chemical equation also signify the relative volumes of each
reactant and product under the same conditions of temperature and pressure,

eg.,

H, (& + L, (8) — 2HI (g)
1 molecule 1 molecule 2 molecules
or 1 mole 1 mole 2 moles
or 1 volume 1 volume 2 volumes
(T & p constant)
or 1 pressure 1 pressure 2 pressures

(T & V constant)

The coefficients, however, do not represent the relative weights of
reactants and products, which is due to the fact that 1 mole is a fixed number
of particles but not a fixed weight. It is to be noted that the coefficients do
not even represent the relative number of equivalents (eq.) or milli-
equivalents (m.e.) of reactants and products. In any reaction the number of
equivalents or milli-equivalents of each reactant and product is the same, e.g.,

2 KCIO, - 2 KCl1 + 30,
no. of equi- = no. of equi- = no. of equi-
valents of valents of valents of
KCIO, KCl1 o,

or no. of m.e. of = no. of m.e. = no. of m.e.
KCIO, of KCl of O,

Principle of Atom Conservation (POAC)

The principle of conservation of mass, expressed in the concepts of atomic
theory, means the conservation of atoms. And if atoms are conserved, moles
of atoms shall also be conserved. This is known as the principle of atom
conservation. This principle is in fact the basis of the mole concept.

In order to solve problems of nearly all stoichiometric calculations, let us
first see how this principle works. Choose an example,

KCIO; (s) — KCI (s)+ O, (g)
Apply the principle of atom conservation (POAC) for K atoms.
Moles of K atoms in reactant = moles of K atoms in products
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or moles of K atoms in KCIO; = moles of K atoms in KCI.
Now, since 1 molecule of KCIO; contains 1 atom of K
or 1 mole of KCIO; contains 1 mole of K, similarly, 1 mole of KCl
contains 1 mole of K.
Thus, moles of K atoms in KCIO; =1 x moles of KCIO,
and moles of K atoms in KClI =1 xmoles of KCL
moles of KClO; = moles of KCI
wt. of KCIO;in g _wt. of KCl in g )
mol. wt. of KCIO; mol. wt. of KCl
The above equation gives the weight relationship between KCIO, and
KCI which is important in stoichiometric calculations.
Again, applying the principle of atom conservation for O atoms,
moles of O in KCIO; = moles of O in O, .
But since 1 mole of KCIOj; contains 3 moles of O and 1 mole of O, contains
2 moles of O,
thus, moles of O in KCIO,; =3 x moles of KCIO,
moles of O in O,=2xmoles of O,
3 xmoles of KCIO;=2xmoles of O,

wt. of KCIO; 5 vol. of O, at NTP
“mol. wt. of KCIO,; ~ " standard molar vol.

(Rules 1 and 3)
The above equation thus gives the weight-volume relationship of
reactants and products.

or (Rule 1)

or

From the above discussion we see that the procedure to use the mole
method is first to set up an equation based on the principle of atom
conservation and then apply rules 1 to 6 to it.

Advantages of the Mole Method over other Methods

The advantages of the Mole Method are as under:

(1) Balancing of chemical equations is not required in the majority of
problems as the method of balancing the chemical equation is based on the
principle of atom conservation.

(2) Number of reactions and their sequence, leading from reactants to
products, need not be given.

(3) It is a general method, applicable in solving many types of problems
as may be seen in different chapters.
[Note: The students should carefully note that POAC should be applied for only
those atoms which remain conserved in a chemical reaction.]
Let us first solve some elementary problems based on the definition of
mole.
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Elementary Chemical Calculations

Ex. 1. Calculate the weight of 6:022 x 10% molecules of CaCO,.

_no. of molecules

Solution : No. of moles of CaCOy=—"7—""—"—""— (Rule 4)
Av. cons.
_6:022x 107
S 6022x10%
Weight of CaCO;=no. of moles X molecular wt. (Rule 1)
=1x100=100g.

Ex. 2. Calculate the weight of 12:044 x 10 atoms of carbon.
12:044 x 107

Solution : No. of moles of C=——————>=2. (Rule 4)
6022 x 10
Wt. of C atoms=no. of moles x at. wt. (Rule 2)
=2x12=24g.

Ex. 3. What will be the number of oxygen atoms in 1 mole of O,?

Solution : 1 mole of O, contains 6:022 x 10* molecules of oxygen, and since
the oxygen molecule is diatomic, i.e., 1 molecule contains 2 atoms, the
no. of oxygen atoms in 1 mole of O, is equal to 2 x 6:022 x 10%.

Ex. 4. A piece of Cu weighs 0-635 g. How many atoms of Cu does it contain?

) wt. of Cu
Solution :  No. of moles of Cu= AL Wi of Cu (Rule 2)
0-635
=——>=00L
63-5
No. of atoms of Cu=no. of moles of atoms x Av. const. (Rule 4)

=0-01 x 6:022 x 10 = 6:022 x 10%%.

Ex. 5. Calculate the number of molecules in 11-2 litres of SO, gas at NTP.

vol. at NTP (litres)

std. molar volume (litres)
112
=oa- 0-5.
No. of molecules of SO, =no. of moles x Av. const. (Rule 4)
=05x 6022 x 10%
=3011 x 10%.

Solution : No. of moles of SO, = (Rule 3)

Ex. 6. One atom of an element X weighs 6-644x 10> g. Calculate the number of
gram-atoms in 40 kg of it.
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Solution : Wt. of 1 mole of atoms of X = wt. of 1 atom X Av. const.
=6-644 x 107 % x 6:022 x 10%

=40 g.
Thus the at. wt. of X =40.
oht i
No. of moles (or gram-atoms) of X:7welg ting (Rule 2)
at. wt.
40 x 1000
=~ - 1000.

Ex. 7. From 200 mg of CO,, 10* molecules are removed. How many moles of CO,
are left?

Solution : Total no. of moles of COZZM (Rule 1)
mol. wt.
0-2
- 0-00454.
102
No. of moles removed = —————-=0-00166. (Rule 4)
6-022 x 10

No. of moles of CO, left =0-00454 — 0-00166= 0-00288.

Ex. 8. What will be the volume occupied by 1 mole atom of a (i) monoatomic gas,
and (ii) diatomic gas at NTP?

Solution : For monoatomic gases,
1 mole atom occupies 22-4 litres at NTP, and for diatomic gases,

1 mole atom occupies 11-2 litres at NTP, as 1 mole of O, contains 2 moles
of O.

Ex. 9. Calculate the volume of 20 g of hydrogen gas at NTP.

Solution : Moles of hydrogen gas = 22—0 =10. (Rule 1)

Volume of the gas at NTP =no. of moles X 22-4
=10x22-4 =224 litres.

Ex. 10. What volume shall be occupied by 6-022 x 10* molecules of any gas at NTP?

Solution : 6:022 x 10* molecules are contained in 1 mole, and 1 mole, of any
gas at NTP occupies a volume of 22-4 litres.

Ex. 11. Calculate the number of atoms present in 56 litres of a (i) monoatomic, and
(ii) diatomic gas at NTP.

56
Solution : No. of moles of the gas at NTP = ——=

1 (Rule 3)

1
4
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no. of molecules of the gas = % x 6-022 x 10% (Rule 4)

=15x10%.
Now, if the gas is monoatomic, the no. of atoms of the gas
= no. of molecules = 1-5 x 10%.
And if the gas is diatomic,

no. of atoms =2 x no. of molecules =2 x 1-5 x 10%
=3.0x10%.

Ex. 12. Calculate the number of sulphate ions in 100 mL of 0-001 M H,SO, solution.

Solution : No. of moles = molarity x volume in litres (Rule 5)
=0-001 x 0-1 = 0-0001.
Now,
1 molecule of H,S0, contains 1 SO3~ ion.

1 mole of H,S0, contains 1 mole of SO?".

0-0001 mole of H,SO, contains 0-0001 mole of SO?~.
number of sulphate ions = moles of ions X Av. const.
=0-0001 X 6:022 x 10%° = 6:022 x 10". (Rule 4)

Ex. 13. How many atoms are there in 100 amu of He?

1 .
Solution : We know that, 1 amu = 13 weight of one '’C atom

or weight of one 2C atom = 12 amu (at. wt. of C = 12 amu).
Similarly, as the atomic weight of He is 4 amu,

weight of one He atom = 4 amu.

Thus, the number of atoms in 100 amu of He = % =25.

Ex. 14. If a mole were to contain 1x 10** particles, what would be the mass of
(i) one mole of oxygen, and (ii) a single oxygen molecule?

Solution : Mass of 1 mole of O, is its molecular weight in g, i.e., 32 g.
mass of 1 mole

no. of molecules in 1 mole

32

S 1x10™

mass of a single O, molecule =

=32x10%g.

Ex. 15. The density of O, at NTP is 1-429 g/L. Calculate standard molar volume
of the gas.
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Solution : Standard molar volume is the volume occupied by 1 mole of the
gas at NTP. Now,
1-429 g of O, at NTP occupies a volume of 1 litre.
32
2 g (i.e., 1 mole) of i 1 =———L
32 g (i.e., 1 mole) of O, occupies a volume 1429
=22.39 litres.

Ex. 16. The measured density of He at NTP is 0-1784 g/L. What is the weight of
1 mole of it?

Solution : Weight of 1 mole of He = density (g/L) at NTP
x standard molar volume (litres)
=(0-1784x22:4) g
=4 g
[Note: Weight of 1 mole is the molecular weight in g.]

Ex. 17. A metal M of atomic weight 54-94 has a density of 7-42 g/cc. Calculate
the apparent volume occupied by one atom of the metal.

Solution : 7-42 g of metal M occupies a volume of 1 cc.
54-94
54-94 g occupies a volume of = T 7-404 cc.
Since the weight of 1 mole of atoms is the atomic weight and 1 mole of
atoms contain the Avogadro constant of atoms,

volume occupied by 1 atom = M
u up y " Av. const.

7-404

:m: 123%x107% cc.

Ex. 18. Calculate the number of moles, and the number of atoms of H, S and O in
5 moles of H,SO,.

Solution : 1 molecule of H,SO, contains 2 atoms of H
or 1 mole of H,SO, contains 2 moles of H
or 5 moles of H,SO, contain 10 moles of H

1 mole of H,50, contains 1 mole of S

or 5 moles of H,SO, contain 5 moles of S
and again,
1 mole of H,SO, contains 4 moles of O
or 5 moles of H,50, contain 20 moles of O.
No. of atoms of H=10x 6022 x 10%
No. of atoms of S =5 x6:022 x 10 (Rule 4)

No. of atoms of O=20x 6-022 x 10
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Ex. 19. Calculate the number of oxygen atoms and its weight in 50 g of CaCOs;.

50
Solution : No. of moles of CaCO;= 100°

0-5. (Rule 1)
(mol. wt. of CaCO;=100)
Now,
1 molecule of CaCO; contains 3 atoms of O
or 1 mole of CaCO; contains 3 moles of O

or 05 mole of CaCO; contains 1-5 moles of O.

No. of atoms of O=1-5x 6:022 x 10* (Rule 4)
=9-033 x 10”.

Wt. of atoms of O =no. of moles x at. wt. of O (Rule 2)
=15x16
=24

Ex. 20. Calculate the number of atoms of each element present in 122-5 g of
KCIO;.

122.5
j : . of =—=1.
Solution : No. of moles of KCIO, 1225 1
(mol. wt. of KCIO;=122-5)

From the formula KCIO, , we know that 1 mole of KCIO; contains 1 mole
of K atoms, 1 mole of CI atoms and 3 moles of O atoms.

s no. of atoms of K=1x6-022x10%
no. of atoms of Cl=1x 6022 x 10% (Rule 4)
no. of atoms of O =3x6-022 x 10*

Ex. 21. Calculate the total number of electrons present in 1-6 g of CH,.

1.
Solution : No. of moles of CH, = 1—66 =0-1. (Rule 1)

No. of molecules in 1-6 g of CH, = 0-1x6:022 x 10% (Rule 4)
=6-022 x 10 molecules
* 1 molecule of CH, has 10 electrons.
6-022 x 10% molecules of CH, has 10 x 6-022 x 10 electrons

= 6-022 x 10% electrons.

Ex. 22. Find the charge of 1 g-ion of N*~ in coulombs.

Solution : " 1 ion of N’ carries a charge of 3 x 1-602 x 10™"* coulombs

(charge on an electron = 1-602 x 107 coulombs)
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6-022 x 10 * ions (1 g-ion or 1 mole) carry a charge of
3%1602 x 107" x 6-022 x 10* coulombs

=2:894 x 10° coulombs.
Ex 23. Find the charge of 27 g of AI’* ions in coulombs.

Solution : One AI’* ion has the charge of 3 protons, and a proton has the
same magnitude of charge as that on an electron.

No. of moles of AP* ions = 2118 (Rule 1)
at. wt.
27
=57 = 1.
No. of AP*ions in 27 g =no. of moles x Av. const. (Rule 4)

=1x6:022x10%.
Charge of 27 g of Al’*ions =3 x charge of a proton x no. of Al** ions
=3x1:602x 107" x 6:022 x 10*
=2-894 x 10° coulombs.

Ex. 24. Equal masses of oxygen, hydrogen and methane are taken in a container in
identical conditions. Find the ratio of the volumes of the gases.

Solution : Suppose each gas has a mass of X g.

Therefore, O, : H, : CH,
Weight - X X X
X X X
No. of moles — 2 2 18 (Rule 1)
. X X X P
Volume ratio — R RET: (Avogadro’s principle)
Hence, O, : H, : CH,=1:16 : 2.

Ex. 25. If the components of air are N,, 78%; O,, 21%; Ar, 0:9% and CO,, 0-1%
by volume, what would be the molecular weight of air?

Solution : The volume ratio of the gases will be the same as their mole ratio
(Avogadro’s principle)
78 x28 +21x32+09x40+0-1x44
78 +21+09+0-1

mol. wt. of air =
(wt. in g per mole)

=28.964.
(N, =28, 0,=32, Ar=40 and CO, = 44)

Ex. 26. The atomic weights of two elements (A and B) are 20 and 40 respectively.
If x g of A contains y atoms, how many atoms are present in 2x g of B?



Elementary Problems Based on Definition of Mole: The Mole Concept 11

X

Solution : Number of moles of A= 20 (Rule 2)
Number of atoms of A = ZX_O x N. (Rule 4)
(N is the Av. const.)
XN 2y
y=oo*Ni ¥ =75
Further,
2x
number of moles of B=—,
40
2x
number of atoms of B= 20 % N
_2N 20y
T407 N

=Y.

Ex. 27. Oxygen is present in a 1-litre flask at a pressure of 7-6 x 10~ '* mmHg at
0°C. Calculate the number of oxygen molecules in the flask.
Solution : Pressure =7-6x 10" mm
=076 10" cm
_076x10° "
B 76
=10 ? atm.
Volume = 1 litre, R = 0-0821 lit. atm/K/mole, temperature =273 K.

atm (1 atm =76 cm)

We know that pV =nRT or n _bv

RT
10 % x1
n=—0 X1 _g44x1070,
0-0821 x 273
No. of molecules =no. of moles x Av. const. (Rule 4)

=044 x 10" x 6:022 x 10?° =2-65 x 10'°.

Ex. 28. The density of mercury is 13-6 g/cc. Calculate approximately the diameter
of an atom of mercury, assuming that each atom is occupying a cube of edge
length equal to the diameter of the mercury atom.

Solution : Suppose the length of the side of the cube is X cm, i.e., the diameter
of one Hg atom.
volume occupied by 1 Hg atom = X’ cc
and mass of one Hg atom =13-6 X X° g.
at. wt. 200
Av. const. 6022 x 107 &

Mass of one Hg atom =
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(" mass of 1 mole of atoms is the atomic weight in g, and 1 mole contains
the Av. const. of atoms)

Hence, 136 xX’= AB
6:022 x 10
o200 = =244x10"%.
136 X 6:022 x 10

X=29x%x10"%cm.

Ex. 29. The density of a particular crystal of LiF is 2-65 g/cc. X-ray analysis shows
that Li* and F~ ions are arranged in a cubic array at a spacing of 2-01 A. From
these data calculate the apparent Avogadro constant.

[Li=6-939, F=18998 (1 A =10"% cm.)]

Solution : In this problem, we have to calculate Av. const., i.e., the number
of LiF molecules present in 1 mole. As 1 mole of LiF weighs 25937 g
(LiF=6-939 + 18-998),

wt. of 1 mole 25-937
volume of 1 mole = =
wt. per cc (density)  2:65
=978 cc.

Since this volume is supposed to be of a cube,
the length of each edge of the cube = X978

=2138 cm.
2-138
No. of ions present in one edge = ————
2:01x10
=1.063%x10°
No. of ions (Li* + F~) present in the cube = (1-063 x 10%)3
=1201 x 10*.
1:201 x 10*
No. of LiF molecules per mole (i.e., Avogadro constant) =+
=601 x10%.

Ex. 30. To 50 mL of 0-5 M H,SO,, 75 mL of 0-25M H,SO, is added. What is
the concentration of the final solution if its volume is 125 mL?

Solution : No. of moles in 0-05 litre of H,SO, =M x V (litre) (Rule 5)
=0-5x0-05=0-025.
No. of moles in 0-075 litre of H,SO, added = 0-25 x 0-075
=0-01875. (Rule 5)
Total no. of moles in 0-125 litre of H,50O, = 0-025 + 0-01875 (Rule 5)
=0-04375.
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0-04375
0-125

molarity of H,SO, = =0-35M.

Ex. 31. It is found that in 11-2 litres of any gaseous compound of phosphorus at
NTP, there is never less than 155 g of P. Also, this volume of the vapour of
phosphorus itself at NTP weighs 62 g. What should be the atomic weight and
molecular weight of phosphorus?

Solution : Since 1 mole of any phosphorus compound contains at least 1 mole
of P atoms, and also 22-4 litres (at NTP) of the gaseous compound contains
31 g of phosphorus, therefore, 1 mole of phosphorus weighs 31 g, i.e., 31
is the atomic weight of phosphorus. Similarly, the molecular weight of
phosphorus is 124 as 1 mole of its vapour weighs 124 g.

Ex. 32. A polystyrene, having the formula Br,C,H;(C3Hy),,, was prepared by heating
styrene with tribromobenzoyl peroxide in the absence of air. If it was found to
contain 10-46% bromine by weight, find the value of n.

Solution : Let the weight of polystyrene prepared be 100 g.

10-46
no. of moles of Br in 100 g of polystyrene = 799 = 0-1309.

From the formula of polystyrene, we have,
no. of moles of Br =3 xmoles of Br,C,H,;(C;Hy),

wit. 3 x 100
1 = = .
or 01309 =3 x ol wt. — 3147 + 4dn
n=44.9 = 45.

Ex. 33. It has been estimated that 93% of all atoms in the entire universe are
hydrogen and that the vast majority of those remaining are helium. Based on
only these two elements, estimate the mass percentage composition of the
universe.

Solution : Given that out of 100 atoms of H and He, 93 atoms are of H and
7 atoms are of He, that is, the number of moles of H and He atoms, out
of 100 moles, are 93 and 7 respectively.

Mass of H=93x1=93 g.
Mass of He =7 x4=28 g.

mass percentage of H = %100 = 76.86%.

93 +28
mass percentage of He = 23.14%.

Ex. 34. The molecular weight of haemoglobin is about 65,000 g/mol. Haemoglobin
contains 0.35% Fe by mass. How many iron atoms are there in a haemoglobin
molecule?
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Solution : 100 g of haemoglobin contain 0.35 g of iron

mole of haemoglobin contains % mole of Fe.

. . 0.35 65000
1 mole of haemoglobin contains =3 X 100
= 4.06 moles of Fe.

Thus one molecule of haemoglobin contains four iron atoms.

100
Y 65000

moles of Fe.

Ex. 35. At room temperature, the density of water is 1.0 g/mL and the density of
ethanol is 0.789 g/mL. What volume of ethanol contains the same number of
molecules as are present in 175 mL of water?

Solution : Let the volume of ethanol containing the same number of molecules
as are present in 175 mL of H,O be v mL. As given,
moles of C,H;OH in v mL = moles of H,O in 175 mL
wt. of C,H;OH wt. of H,O

Now, mol. wt. of C,H;OH ~ mol. wt. of H,O
0.789 xv 1.0x175
or = .
46 18
v =566.82 mL.

Ex. 36. A sample of ethane has the same mass as 10.0 million molecules of methane.
How many C,Hg molecules does the sample contain?

Solution : Let the number of C,Hy molecules in the sample be n. As given,

mass of C,H, = mass of 10’ molecules of CH,
10/

Av conat, <ol wt. of CH, = 7=~ xmol. wt. of CH,

nx30  10'x16
Av. const.  Av. const.
=534 x 10°.

Ex. 37. How many grams of CaWO, would contain the same mass of tungsten that
is present in 569 g of FeWO,? (W =184)

Solution : Let the mass of CaWO, be w g. As given,
mass of W in w g of CaWO, =mass of W in 569 g of FeWO,.
Moles of W in CaWO, x at. wt. of W
= moles of W in FeWO, x at. wt. of W.
As both CaWO, and FeWO, contain 1 atom of W each,
moles of CaWQO, x at. wt. of W = moles of FeWO, x at. wt. of W
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w 569
@ X184 = ﬁ x 184
w=>539.05g.

Ex. 38. 0.75 mole of solid “A," and 2 moles of gaseous O, are heated in a sealed
vessel, completely using up the reactants and producing only one compound. It
is found that when the temperature is reduced to the initial temperature, the
contents of the vessel exhibit a pressure equal to half the original pressure. What
conclusions can be drawn from these data about the product of the reaction?

Solution : First Method : As both A, and O, are consumed
moles of A, (.75

moles of O, 2.0
(molesof A)/4 0.75

(moles of 0)/2 2.0

molesof A 3

moles of O 4
Thus, the empirical formula of the product is A;O,. Further, as 2 moles
of O, give 1 mole of A;O, (for gases, pressure o« mole at constant
temperature and volume), A;O, is also the molecular formula of the product.

Second Method :  Ays) + Oy(g) = AO(g)

0.75mole 2.0 moles 1.0 mole

Applying POAC for A atoms,

4 X moles of A;=xxmoles of A0,

4x075=xx1; x=3

Applying POAC for O atoms,

2 xmoles of O, =y xmoles of A,O,

2x2=yx1;, y=4.

In the following chapters, we shall apply the principle of atom conservation

(POACQ) along with the said rules in tackling the various problems encountered in
chemical practice.

PROBLEMS
(Answers bracketed with questions)
1. Find the number of atoms in 48 g of ozone at NTP. (1-8066 x 1()24)
2. What is the ratio of the volumes occupied by 1 mole of O, and 1 mole of O, in
identical conditions? 1:1)
3. Calculate the mass of 5 moles of CaCO, in grams. (500 g)

4. The vapour density of a gas is 11-2. Calculate the volume occupied by 112 g of
the gas at NTP.
[Hint: Mol. wt. =2x VD ] (11-2 litres)
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. Calculate the number of oxygen atoms in 0-2 mole of Na,CO,-10H,0. (1-56 x 10™*)
. Calculate the number of moles of CuSO, contained in 100 mL of 1 M CuSO,

solution. Also, find the number of SOif ions in it. (0-1 mole, 0.6022 x 1023)

. Find the total number of nucleons present in 12 g of *C atoms. (12 x 6:022 x 107)

. Find (i) the total number of neutrons, and (ii) the total mass of neutrons in 7 mg

of "C. (Assume that the mass of a neutron = mass of a hydrogen atom)
[Hint: 1 “*C atom contains 8 neutrons.] (24-088 x 1020, 0-004 g)

. How many moles are there in 1 metre’ of any gas at NTP? (1 m® = 10’ litres)

(44-6 moles)

3 g of a salt of molecular weight 30 is dissolved in 250 g of water. Calculate the
molality of the solution. (0-4 m)

Calculate the volume occupied by 525 g of nitrogen at 26°C and 74-2 cm of
pressure. (4-71 litres)

Find the ratio of the number of molecules contained in 1 g of NH, and 1 g of N,.
(28 : 17)
How many molecules of CO, are contained in one litre of air if the volume content

of CO, is 003 % at NTP? (8:06 x 10™®)

Is the number of molecules in 1 kg of H, and 1 kg of O, the same ? What is the
ratio of weights of H, and O, , the mixture of which contains equal number of
molecules of each gas? (no, 1 : 16)

The measured density at NTP of a gaseous sample of a compound was found to
be 1.78 g/L. What is the weight of 1 mole of the gaseous sample? (39-9 g)

If the concentration of a solution is 2 M calculate the number of millimoles present
in 2 litres of the solution.
[Hint: Follow Rule 5.] (4000)
How many moles of oxygen are contained in one litre of air if its volume content
is 21% at NTP? (0-0093)
How many atoms do mercury vapour molecules consist of if the density of mercury
vapour relative to air is 6:92? (Hg =200). The average mass of air is 29 g/mole.
(One)

Calculate the total number of atoms in 0-5 mole of K, Cr, O,.
[Hint: Follow Example 19] (3-31 x 10™)
What is the volume of 6 g of hydrogen at 1 atm and 0°C? (67-2 litres)
What is the density of oxygen gas at NTP?
[Hint: See Example 14] (1-429 g/L)
Calculate the total number of electrons present in 18 mL of water.

(10 x 6:022 x 10)

Calculate the number of electrons, protons and neutrons in 1 mole of O * ions.

(10 x 6:022 X 107, 8% 6:022 x 10°, 8 x 6:022 x 107)
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Find the mass of the nitrogen contained in 1 kg of (i) KNO,, (ii) NH,NO,, and
(iii) (NH,), HPO,. [(i) 1385 g (ii) 350 g and (iii) 212 g]

Find the mass of each element in 7-84 g of FeSO, . (NH,), SO, . 6H,O. What will
be the volume of O, at NTP in this sample? (3136 litres)

The density of solid AgCl is 5-56 g/cc. The solid is made up of a cubic array of
alternate AgJr and Cl~ ions at a spacing of 2-773 A between centres. From these
data calculate the Avogadro constant. (6-04 x 10%)

Three atoms of magnesium combine with 2 atoms of nitrogen. What will be the
weight of magnesium which combines with 1.86 g of nitrogen?

[Hint: Use Rule 6] (4-86 g)
600 mL of a mixture of O; and O, weighs 1 g at NTP. Calculate the volume of
ozone in the mixture. (200 mL)
The vapour density (hydrogen = 1) of a mixture consisting of NO, and N,O, is

38:3 at 26-7°C. Calculate the number of moles of NO, in 100 g of the mixture.
[Hint: Wt. of NO,=xg.
wt. in g 100

*. obs. mol. wt. (wt./mole) = total moles= ( 100 XJ =2x383.

+
46 92 (0-437 mole)
A nugget of gold and quartz weighs 100 g. Sp. gr. of gold, quartz and the nugget
are 19-3,2-6 and 6-4 respectively. Calculate the weight of gold in the nugget.
x 100-x 100

[Hint: m+ e - a; x = wt. of gold] (68-6 g)

The nucleus of an atom of X is supposed to be a sphere with a radius of

5% 10" cm. Find the density of the matter in the atomic nucleus if the atomic
weight of X is 19.
mass of 1 mole (i.e., at. wt.)

vol. of 1 mole (6-02 x 108 g/mL)

Hint: Density =

Copper forms two oxides. For the same amount of copper, twice as much oxygen
was used to form the first oxide than to form the second one. What is the ratio
of the valencies of copper in the first and second oxides?

[Hint: Assume that the oxides are Cu,0, and Cu,0, and apply Rule 6] (2. 1)

105 mL of pure water (4°C) is saturated with NH, gas, producing a solution of
density 0-9 g/mL. If this solution contains 30% of NH, by weight, calculate its
volume.

total mass 105 (H,0) +45 (NH,) ]

[Hint: Density = total volume 4 (166-67 mL)

How many iron atoms are present in a stainless steel ball bearing having a radius
of 0-1 inch (1 inch = 2-54 cm)? The stainless steel contains 85-6% Fe by weight and
has a density of 775 g/cc. (491 x10™)
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. How many litres of liquid CCl, (d=1-5 gtc) must be measured out to contain
1x 10 CCl, molecules? (161 L)

A sample of potato starch was ground in a ball mill to give a starchlike molecule
of lower molecular weight. The product analysed 0-086% phosphorus. If each
molecule is assumed to contain one atom of phosphorus, what is the molecular

weight of the material? (3:6 x 10* amu)
The dot at the end of this sentence has a mass of about one microgram. Assuming
that the black stuff is carbon, calculate the approximate number of atoms of carbon
needed to make such a dot. (1 microgram =1 x 107° g) (5% 10" atoms)
To what volume must 50 mL of 3-50 M H,SO, be diluted in order to make 2 M
H,SO,?

[Hint: Use Rule 5] (87:-5mL)

Sulphur molecules exist under various conditions as S, S, S, S, and S.

(a) Is the mass of one mole of each of these molecules the same?

(b) Is the number of molecules in one mole of each of these molecules the same?

(c) Is the mass of sulphur in one mole of each of these molecules the same?

(d) Is the number of atoms of sulphur in one mole of each of these molecules the
same? (No, Yes, No, No)

Two minerals that contain Cu are CuFeS, and Cu,S. What mass of Cu,S would
contain the same mass of Cu as is contained in 125 Ib of CuFeS,? (54.2 1b)

What is the maximum number of moles of CO, that could be obtained from the
carbon in 4 moles of Ru,(CO,),? (12 mol)

What mass of NaCl would contain the same total number of ions as 245 g of
MgCl,? (225 g)

An unknown sample weighing 1.5 g was found to contain only Mn and S. The
sample was completely reacted with oxygen and it produced 1.22 g of Mn(II) oxide
and 1.38 g of SO,. What is the simplest formula for this compound? (MnS)

The two sources of Zn, that is, ZnSO, and Zn(CH,COO), - 2H,0, can be purchased

at the same price per kilogram of compound. Which is the most economical source
of Zn and by how much? (ZnS0O,, 35.9%)

How many moles of H,O form when 25.0 mL of 0.10 M HNO, solution is
completely neutralised by NaOH? (2:5x 107 mole)

Which would be larger: an atomic mass unit based on the current standard or one
based on the mass of a Be-9 atom set at exactly 9 amu? (latter)

47. The enzyme carbonic anhydrase catalyses the hydration of CO,. This reaction:

CO, +H,0 — H,CO,, is involved in the transfer of CO, from tissues to the lungs
via the bloodstream. One enzyme molecule hydrates 10° molecules of CO, per
second. How many kg of CO, are hydrated in one hour in one litre by
1x10°M enzyme? (0.1584 kg)
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An oxybromo compound, KBrO, , where x is unknown, is analysed and found to
contain 52.92% Br. What is the value of x? 2)

Radium disintegrates at an average rate of 2.24 x 10** a-particles per minute. Each
o-particle takes up two electrons from the air and becomes a neutral helium atom.
After 420 days, helium gas collected was 0.5 mL, measured at 27°C and 750 mmHg.
Calculate the Avogadro constant. (6.7 x 107)

If the value of Avogadro number is 6-023 x 10® mol ™ and the value of Boltzmann

constant is 1-380 x 107 JK™', then the number of significant digits in the calculated
value of the universal gas constant is ... . (IIT 2014 Adv.) (4)

[Hint: Since k and N, both have four significant figures, the value of R is also
rounded off up to four significant figures.]

Three moles of B,H, are completely reacted with methanol. The number of moles
of boron containing product formed is ... . (IIT 2015 Adv.) (2)

Objective Problems

. The density of chlorine relative to air is
(a) 2-44 (b) 3
(c) found only experimentally (d) 4
. A gaseous oxide contains 30-4% of nitrogen, one molecule of which contains one
nitrogen atom. The density of the oxide relative to oxygen is
(a) 0:94 (b) 144 (c) 1:50 @) 30
. The mass of an oxygen atom is half that of a sulphur atom. Can we decide on
this basis that the density of sulphur vapour relative to oxygen is 2?
(a) Yes (b) No
. Density of air is 0-001293 g/cc. Its vapour density is
(a) 0-:001293 (b) 1293 (c) 14-48 (d) cannot be calculated
. 56 litres of oxygen at NTP is equivalent to
(a) 1 mole (b) % mole (c) i mole (d) % mole
22-4 litres of water vapour at NTP, when condensed to water, occupies an
approximate volume of
(a) 18 litres (b) 1 litre (c) 1 mL (d) 18 mL
Which of the following has the highest mass?
(a) 1 g-atom of C (b) % mole of CH,
(c) 10 mL of water (d) 3:011 x 10” atoms of oxygen
6-022 x 10 molecules of N, at NTP will occupy a volume of
(a) 22-4 litres (b) 2-24 litres (c) 6:02 litres (d) 6-:02 mL
How many grams are contained in 1 gram-atom of Na?

(@ 13g (b) 23 g @©@1g (d) % g
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10. The weight of 350 mL of a diatomic gas at 0°C and 2 atm pressure is 1 g. The wt.
of one atom is
16 32
@5 ®) 5
(c) 16 N (d) 32 N (N is the Av. const.)
11. The number of atoms present in 16 g of oxygen is
(a) 6:02x 10" (b) 3:01x10% (c) 3-01x10™? (d) 6:02x10%
12. 1 mole of a compound contains 1 mole of C and 2 moles of O. The molecular
weight of the compound is
(a) 3 (b) 12 (c) 32 (d) 44
13. The volume of a gas at 0°C and 700 mm pressure is 760 cc. The number of molecules
present in this volume is
(a) 1-88x 107 (b) 6:022x10% (c) 188 x10% (d) 18-8 x 107
14. 1 mole of a diatomic element X, contains 34 and 40 moles of electrons and neutrons
respectively. The isotopic formula of the element is
(@) 2X (b) 12X (© 32X (@ 3X
15. 2 moles of H atoms at NTP occupy a volume of
(a) 11-2 litres (b) 44-8 litres (c) 2 litres (d) 224 litres
16. No. of electrons in 1-8 mL of H,O (1) is
(a) 6:02 x 107 (b) 3011 x 10* () 0-6022x10%  (d) 60-22x 107
17. Molecular weight of a gas, 11-2 litres of which at NTP weighs 14 g, is
(a) 14 (b) 28 © % (d) 14x 112
18. The weight of 1 mole of a gas of density 0-1784 g/L at NTP is
(a) 01784 g b)1lg ()4g (d) cannot be calculated
19. Number of HCI molecules present in 10 mL of 0-1 N HCl solution is

20.

21.

22.

23.

24.

(a) 6022 x 10* (b) 6:022 x 107 (c) 6:022 x 10™ (d) 6022 x 10*

Number of atoms in 12 g of 1zC is

(@) 6 (b) 12 (c) 6:022 x 107 (d) 12 x 6:022 x 10%

5 moles of a gas in a closed vessel was heated from 300 K to 600 K. The pressure
of the gas doubled. The number of moles of the gas will be

(@) 5 (b) 25 (c) 10 (d) 20

Which of the following contains the greatest number of oxygen atoms?
(a)1lgof O (b) 1 gof O,

(c) 1 gof O, (d) all have the same number of atoms

If the atomic weight of carbon were set at 24 amu, the value of the Avogadro

constant would be
(a) 6022 x 10* (b) 12:044 x 10”  (c) 3-011 x 10* (d) none of these

If 32 g of O, contain 6:022 x 10 molecules at NTP then 32 g of S, under the same
conditions, will contain,
(a) 6:022x107S () 3-011x 1075 (c) 12:044x10°S  (d) 1x 10”8
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How many moles of electrons weigh one kilogram?
23 1 31 6.022 54 1 ]
(a) 6.022 x10 (b) 5708 x 10 (c) 3108 x 10 (d) XTIV x 10
(ITT 2002)

Experimentally it was found that a metal oxide has formula M, O. Metal M

present as M*" and M™ in its oxide. Fraction of the metal which exists as M’'

would be

(a) 7.01% (b) 4.08% (c) 6.05% (d) 5.08%
i 7 X X mole _X*y
: H =0.98
Hint: Mg 980 ,04 . +3y

2
3 I
Y pymoe (IIT 2013 Main)

The ratio of masses of oxygen and nitrogen of a particular gaseous mixture is 1:4.
The ratio of number of molecules is

1 7 1 3
(G b) 35 ©3 @ 75

(IIT 2014 Main)

The most abundant amounts by mass in the body of a healthy human adult are
oxygen (61.4%), carbon (22.96%) hydrogen (10.0%) and nitrogen (2.6%). The weight
which a 75 kg person would gain if all 'H atoms are replaced by “H atoms is

(a) 15 kg (b) 37.5 kg (c) 75 kg (d) 10 kg

[Hint: Only the mass of H atoms doubles] (IIT 2017 Main)

1 g of a carbonate (M,CO,) on treatment with excess HCl produces 0.01186 mole

of CO,. The molar mass of M,0, is g mol ™ is

(a) 1186 (b) 84.3 (c) 118.6 (d) 11.86

[Hint: Apply POAC for C, mole of M,CO, = mol of CO,] (IIT 2017 Main)
Answers

1-a, 2-b, 3-b, 4-c, 5-¢, 6-d, 7-a, 8-b, 9-b, 10-a, 11-d, 12-d, 13-a, 14-b, 15-d, 16-a, 17-b,
18-c, 19-d, 20-c, 21-a, 22-d, 23-b, 24-a, 25-d, 26-b, 27-b, 28-c, 29-b.

Q



CHAPTER TWO

PROBLEMS BASED ON
EQUATIONS: STOICHIOMETRY

The word ‘stoichiometry” is derived from the Greek words stoicheion, which
means element, and metrein, which means to measure. The numerals used to
balance a chemical equation are known as stoichiometric coefficients. These
numbers are essential for solving problems based on chemical equations.
Hence, such problems are also called stoichiometric calculations. The mole
method is very useful in such calculations.

For stoichiometric calculations, the mole relationships between different
reactants and products are required, as from them, the mass—mass,
mass—volume and volume-volume relationships between different reactants
and products can be obtained.

For a given balanced equation say,

2KClO, = 2KCl + 30,

we can get such relationships directly from the stoichiometric coefficients,

eg.,
3 x moles of KCIO; = 2 x moles of O,

2 x moles of KCIO; = 2 x moles of KCl
and, 3 x moles of KCl = 2 x moles of O,

For balanced chemical equations, one can also apply the Factor-Label
Method (Ex. 38 and 39).

The above equations can also be obtained from an unbalanced equation say

KCIO; = KCI + O,
by applying POAC for different atoms as explained in Chapter 1.

Another important method used for solving problems based on chemical
equations is the equivalent (or milli-equivalent) method. This method is based
on the fact that for the different amounts of reactants and products involved
in the reaction, the number of equivalents (or milli-equivalents) of each
reactant and each product are equal.

For the reaction,

VO + Fe,0O3 = FeO + V,05

eq. of VO = eq. of Fe,0; = eq. of FeO = eq. of V,O5
or, m.e. of VO = m.e. of Fe,0O; = m.e. of FeO = m.e. of V,05.

In this method too, balancing of chemical equations is not required. This
method is generally applied in volumetric stoichiometric calculations.

22
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Concept of Limiting Reagent

In single-reactant reactions, the calculations are carried out with only that
amount of the reactant which has converted to the product. This is done in
all the methods mentioned above.

In the reactions where more than one reactant is involved, one has to
first identify the limiting reactant, i.e., the reactant which is completely consumed.
All calculations are to be carried out with the amount of the limiting reactant
only. Now the question is how to identify the limiting reactant? The procedure is
simple as illustrated below:

Initially... 5 moles 12 moles 0 moles

A + 2B — 4C

If A is the limiting reactant: moles of C produced = 20.

If B is the limiting reactant: moles of C produced = 24.
The reactant producing the least number of moles of the product is the limiting
reactant and hence A is the limiting reactant. Thus,

Initially ... 5 moles 12 moles 0 moles
A + 2B — 4C
Finally ... 0 moles 2 moles 20 moles

The limiting reactant can also be ascertained by knowing the initial
number of equivalents (or milli-equivalents) of each reactant. The reactant with
the least number of equivalents (or milli-equivalents) is the limiting reactant. The
equivalent method to identify the limiting reactant can be applied even if the
chemical equation is not balanced.

However, in the following examples we shall mainly follow the POAC method,

just for the practice of this modern concept.

[Note: In problems involving complicated reactions in which their balanced
chemical equations are given, one should prefer to apply the mole method
rather than the m.e. method as followed in Example 50 in Ch. 7.]

EXAMPLES

Ex. 1. What amount of CaO will be produced by 1 g of calcium?

Solution : Ca — CaO
Applying POAC for Ca atoms as Ca atoms are conserved,
moles of Ca atoms in the reactant
= moles of Ca atoms in the product
= moles of Ca atoms in CaO =1x moles of CaO
(" 1 mole of CaO contains 1 mole of Ca atoms)

wt. of Ca wt. of CaO
at. wt. of Ca  mol. wt. of CaO
(Rule 2) (Rule 1)
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1wt of CaO

56
20 3 wt. of CaO—E—1-4 g.

Ex. 2. What weight of oxygen will react with 1 g of calcium? (Ca = 40)

Solution : First Method
Since all the atoms of Ca have changed into CaO, the amount of Ca in
CaO is 1 g. Now from the formula of CaO, we have,
moles of Ca=moles of O (Rule 6)
wt. of Ca wt. of O

Now, at. wt. of Ca _at. wt. of O

1
wt. of oxygen= 0 x16=04g.

Second Method
Ca+0O, —» CaO (balancing of the equation is not required)
lg xg (say)
Applying POAC for Ca atoms,

moles of Ca in the reactant = moles of Ca in CaO
1
0 (Rule 2) =1 x moles of CaO
(" 1 mole of CaO contains 1 mole of Ca atom)

1
moles of CaO=E- . (1)

Again applying POAC for oxygen atoms,
moles of O in O, = moles of O in CaO

2 xmoles of O,=1xmoles of CaO ... (2)
(" 1 moles O, contains 2 moles of O and 1 mole of CaO contains 1 mole
of O).
From eqns. (1) and (2), eliminating moles of CaO, we have,

1 1 wt.of O, 1
2x40 80° 2 80

" Wt of Oy=g-x32=04g

(Rule 1)

[Note: The chemical equation of the above given problem is simple, i.e., easy to
balance. But in complicated reactions (Ex. 5, 6, etc.) where the balancing
is not very easy, the student can apply POAC without balancing the
equation. This is where the mole method has its importance.]

Ex. 3(a) Calculate the volume occupied by 1 mole of He, H and O atoms at NTP.

Solution : As He is monoatomic, 1 mole of it will occupy 22-4 litres at NTP.



Problems Based on Equations: Stoichiometry 25

But hydrogen and oxygen being diatomic gases, 1 mole of their respective
atoms will occupy a volume of 11-2 litres at NTP.

(b) What volume of oxygen (NTP) will be required to react with 1 g of Ca?

Solution : As Ca combines with O, to give CaO, from the formula of CaO,
we have,

moles of Ca = moles of O (atoms)

wt. of Ca vol. of O atoms at NTP
at. wt.  vol. occupied by 1 mole of O atoms at NTP
1 wvol. of O
40 112
112 .
. vol. of O—E—O-ZS litre.

Ex. 4. A sample of KCIO; on decomposition yielded 448 mL of oxygen gas at NTP.
Calculate
(1) weight of oxygen produced,
(ii) weight of KCIO; originally taken, and
(iii) weight of KCI produced.
(K'=39, Cl=355 and O=16)
%430 =0-02. (Rule 3)
Wt. of oxygen=0-02x32=0-64g. (Rule 1)
(ii) KCIO; — KCl1+ 0,
Applying POAC for O atoms,

Solution : (i) Mole of oxygen =

moles of O atoms in KCIO; = moles of O atoms in O,
3 x moles of KCIO;=2xmoles of O,.

(1 mole of KCIOj; contains 3 moles of O and 1 mole of O, contains 2 moles
of O)

3 wt. of KCIO, oy vol. at NTP (litres)
mol. wt. of KCIO, 22:4
(Rule 1) (Rule 3)
wt. of KCIO, 0-448
1225 24

Wt. of KClO;=1-634g.
(iii) Again applying POAC for K atoms,
moles of K atoms in KCIO; =moles of K atoms in KCl
or 1 x moles of KCIO;=1 xmoles of KCl
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(1 mole of KCIO; contains 1 mole of K and 1 mole of KCI contains 1 mole
of K)

In wt. of KCIO, 1w wt. of KCI
mol. wt. of KCIO; mol. wt. of KCI
1.634 wt. of KCI
1225 745
Wt. of KCl=0-9937 g.

Ex. 5. 27-6 g of K,CO; was treated by a series of reagents so as to convert all of
its carbon to K,Zn, [Fe(CN)g],. Calculate the weight of the product.

several

Solution : K,CO, Tps) KyZn; [Fe(CN)4l,

Since C atoms are conserved, applying POAC for C atoms,
moles of C in K,CO;= moles of C in K,Zn, [Fe(CN),],
1 xmoles of K,CO3;=12xmoles of K,Zn; [Fe(CN)],
("~ 1 mole of K,CO; contains 1 mole of C
and 1 mole of K,Zn; [Fe(CN),], contains 12 moles of C)

wt. of K,CO; wt. of the product
mol. wt. of K,CO; ™~ “mol. wt. of product
276 698
wt. of K,Zn, [Fe(CN)], = 138 X EV R 116 g.

[mol. wt. of K,CO; = 138 and mol. wt. of K,Zn, [Fe(CN),], = 698]

Ex. 6. In a gravimetric determination of P, an aqueous solution of dihydrogen
phosphate ion H,PO, is treated with a mixture of ammonium and magnesium
ions to precipitate magnesium ammonium phosphate, Mg(NH,)PO, . 6H,O.
This is heated and decomposed to magnesium pyrophosphate, Mg,P,O, , which
is weighed. A solution of H,PO, yielded 1-054 g of Mg,P,O,. What weight of
NaH,PO, was present originally?

(Na=23, H=1, P=31, O=16, Mg=24)

Solution : NaH,PO, + Mg*" + NH; — Mg(NH,)PO, . 6H,0

heated
Mg,P,0;,

Since P atoms are conserved, applying POAC for P atoms,
moles of P in NaH,PO, = moles of P in Mg,P,O,
1 xmoles of NaH,PO,=2 xmoles of Mg,P,O,

("~ 1 mole of NaH,PO, contains 1 mole of P and 1 mole of Mg,P,0O,
contains 2 moles of P)
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wt. of NaH,PO, wt. of Mg,P,0;
mol. wt. of NaH,PO, =2x mol. wt. of Mg,P,0,
wt. of NaH,PO, 1-054
120 =2
Wt. of NaH,PO,=1-14 g.

[Note: In Ex. 5 and Ex. 6 the students should note that if in any reaction, a
particular atom is conserved, the principle of atom conservation (POAC)
with respect to that atom can be applied regardless of the number of steps
of the reaction and their sequence.]

Ex. 7. What weight of AgCl will be precipitated when a solution containing
4.77 g of NaCl is added to a solution of 577 g of AgNO;?
(Na=23, C1=355, Ag=108, N=14 and O=16)

Solution : NaCl + AgNO; — NaNO; + AgCl

No. of moles of NaCl = % =0-08154.

577
No. of moles of AgNO; = 70 = 0-03394.
Since no. of moles of AgNO; is less than that of NaCl, the whole of
AgNO; shall convert into AgCl (AgNO; is a limiting reagent). Applying
thus the POAC for Ag atoms as the Ag atoms are conserved,
moles of Ag in AgNO; = moles of Ag in AgCl

1 xmoles of AgNO;=1xmoles of AgCl
wt. of AgNO, wt. of AgCl

mol. wt. of AgNO; ~ mol. wt. of AgCl
wt. of AgCl=003394x 1435=487 g,

Ex. 8. What is the number of moles of Fe (OH); (s) that can be produced by allowing
1 mole of Fe,S;, 2 moles of H,O and 3 moles of O, to react?

2Fe,S, (s) + 6H,0 (1) + 30, (g) — 4Fe (OH); (s) + 65 (s)

Solution : From the given mole ratio of Fe,S;, H,O and O, (ie., 1:2:3) and
mole ratio in the reaction, (i.e., 2 : 6 : 3) it is clear that H,O is the limiting
reagent as H,O shall be fully consumed in the reaction. Thus,

moles of Fe(OH); produced by 2 moles of H,O = % x2=1-34.
Ex. 9. Equal weights of phosphorus and oxygen are heated in a closed vessel

producing P,O5 and P,Os in a 1:1 mole ratio. If the limiting component is
exhausted, find which component and also what fraction of it is left over.
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Solution : As 1 mole each of P,0; and P,0O; is formed, the mole ratio of the
reacting P and O atoms is 4 : 8 or 1: 2.

As the given weights of phosphorus and oxygen are same, say w g, their

w w .
moles of atoms are - and ——respectively.

31 16

.. 2 moles of O combine with 1 mole of P.
w . LW
18 moles of O combine with B moles of P.

So phosphorous is left over and

.. w w
moles of P remaining = 31 3
w w
31 32 4
. fraction of P left over = === or 3-125%.
w 32
31

Ex. 10. In a process for producing acetic acid, oxygen gas is bubbled into acetaldehyde
containing manganese(Il) acetate (catalyst) under pressure at 60°C.
2CH;CHO + 0, — 2CH;COOH
In a laboratory test of this reaction, 20 g of CH;CHO and 10 g of O, were put
into a reaction vessel.
(a) How many grams of CH;COOH can be produced?
(b) How many grams of the excess reactant remain after the reaction is complete?

Solution :
(20/44) (10/32) 0 ... initial mole
2 CH,;CHO +0, — 2 CH,COOH
0 (0-3125 - 0-2272) 0-4545 ... final mole

=0-0853
(a) CH;CHO is the limiting reagent and hence
amount of CH;COOH produced = 0-4545x 60 g
=2727g.
(b) Amount of O, left =0-0853 x 32
=273¢g.

Ex. 11. 0-75 mole of solid ‘A,’ and 2 moles of gaseous O, are heated in a sealed
vessel, completely using up the reactants and producing only one compound.
It is found that when the temperature is reduced to the initial temperature, the
contents of the vessel exhibit a pressure equal to half the original pressure. What
conclusions can be drawn from these data about the product of the reaction?

Solution : As both the reactants are limiting reagents, the ratio of

stoichiometric coefficients of the reactants would be 075 : 2 or 3 : 8 for
A, and O,. Thus,
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3A,+80,— product

As the product exerts considerable pressure, it has to be a gas.

Further, as the final pressure is half that of oxygen initially present, the
stoichiometric coefficient of the product must be half that of O,, i.e., 4.
Obviously, the molecular formula would be A;0O, to balance the equation.

3A,+80,— 4 A0,

Ex. 12. Calculate the weight of lime (CaO) that can be prepared by heating 200 kg
of limestone (CaCQOy) which is 95% pure.

Solution : CaCO, — CaO +CO,
Actual amount of CaCO; = % % 200000 g = 190000 g.
Since Ca atoms are conserved, applying POAC for Ca atoms,
moles of Ca in CaCO;=moles of Ca in CaO
1 xmoles of CaCO;=1xmoles of CaO
190000 _wt. of CaO
100 56

Wt. of CaO =106400 g =106-4 kg.

(Rule 1, Chapter 1)

Ex. 13. 1 g-atom of Ca was burnt in excess of oxygen and the oxide was dissolved
in water to make up a one-litre solution. Calculate the normality of the alkaline
solution.

Solution : First Method

H,0
Ca+0, » CaO —— Ca(OH),
Ca atoms are conserved. .. applying POAC for Ca atoms,
moles of Ca atoms in reactant = moles of Ca in Ca(OH),
1=1xmoles of Ca(OH),.
("~ 1 mole of Ca (OH), contains 1 mole of Ca)
moles of Ca(OH),=1.
Since the solution is made up to 1 litre,
molarity of Ca(OH),=1M
and normality of Ca(OH),=2N. [Eqn. 6 (i), Chapter 7]

Second Method Please see the first method, Ex. 31, Chapter 7.

[Note: In the above problems, the rules applied have been referred to wherever
necessary just to make every step easy to follow. It may, thus, be expected
that the students must now have been well-acquainted with the rules and
their applications, and so in the following problems rules have been rarely
mentioned except where they are at all required.]
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Ex. 14. 10 cc of H,O, solution when reacted with KI solution produced 0-5 g of
iodine. Calculate the percentage purity of H,O,. (I=127)

Solution : H,0,+KI — KOH +1,
First, applying POAC for H atoms to calculate moles of KOH, then
applying POAC for K atoms to calculate moles of KI, and then finally
applying POAC for I atoms to calculate moles of iodine.
POAC for H atoms:
moles of H in H,0, =moles of H in KOH
2 xmoles of H,O,=1xmoles of KOH. ()
Applying POAC for K atoms,
moles of K atoms in KI=moles of K atoms in KOH
1 x moles of KI=1xmoles of KOH
=2 xmoles of H,0, ... (ii)
[from the eqn. (i)].
Applying POAC for I atoms,
moles of I atoms in KI=moles of I atoms in I,
1xmoles of KI=2xmoles of I,

or moles of I, = % x moles of KI
= % x 2moles of H,O,. [from the eqn. (ii)]
wt. of I, wt. of H,O,
Now,

mol. wt. of I, ~ mol. wt. of H,0,

Suppose x is the wt. of H,O,. Then,

05 _x
254 34
34 % 0-5
=5 =00609g.
% of H,0,= % % 100 = 0-669%.

Ex. 15. 0-32 mole of LiAlH, in ether solution was placed in a flask and 74 g (1 mole)
of t-butyl alcohol was added. The product LiAIHC,,H,,0; weighed 81-28 g. Is
the claim that the yield is ‘quantitative’ a wvalid one if Li atoms are conserved?
(Li=7, Al=27, H=1, C=12, O=16)

Solution:  LiAIH, —— [iAIHC,H,O;
alcohol
0-32 mole 8128 g
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Applying POAC for Li atoms,
moles of Li in LiAlH, =moles of Li in LiAIHC,,H,,0;
1xmoles of LiAIH, =1 x moles of LiAIHC,H,,O,.
Thus, 0-32 mole of LiAlH, should produce 0-32 mole of LiAIHC,;,H,,O4
if the yield is quantitative, i.e., 100%.

Moles of LiAIHC,,H,,0, = % =0-32 mole (Rule 1, Chapter 1)

(mol. wt. of LiAIHC,,H,,0, = 254).
Thus the yield is 100%.

16. 52.5 millimoles of LiAIH, was treated with 15-6 g (210 millimoles) of t-butyl
alcohol. A total of 157-5 millimoles of hydrogen was evolved for the reaction
LiAlH, + 3 (CH3); COH — 3H, + Li [(CH,;);0]; AIH

The addition of an excess of another alcohol, methanol, to the above reaction
mixture caused the fourth H atom of the LiAlH, to be replaced according to
the equation

Li [(CH3); Ol; AIH + CH;OH — H, + Li [(CH;);0 15 [CH;0] Al

How much H, was evolved due to the addition of CH;OH?

Solution : According to the given equations,

Ex.

1 mole of Li [(CH3);0]; AIH produces 1 mole of H, and
1 mole of Li [(CHj;);0]; AIH is produced by 1 mole of LiAlH,.
~. 1 mole of LiAlH, should produce 1 mole of H, (by CH;OH)
or 1 millimole of LiAlH, should produce 1 millimole of H,
(by CH;OH)
or 52-2 millimoles of LiAlH, should produce 52:5 millimoles of H,.
(by CH;OH)

17. Equal weights of Zn metal and iodine are mixed together and the iodine is
completely converted to Znl,. What fraction by weight of the original zinc
remains unreacted? (Zn =65, 1=127)

Solution : Let x g be the initial weight of the Zn metal and iodine each. Since

I, is completely converted to Znl, , we have,

. X X
initial no. of moles: 5 252 0
Zn + I, —  Znl,

No. of moles at the end of the reaction:

x X 0 X
65 254 254
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65 254
.. fraction of Zn remained unreacted = =0-74.

65
Ex. 18. 1.0 g of an alloy of Al and Mg when treated with excess of dil. HCI forms

MgCl,, AICl; and hydrogen. The evolved hydrogen, collected over Hg at 0°C,

has a volume of 1-20 litres at 0-92 atm pressure. Calculate the composition of
the alloy. (Al = 27 and Mg = 24)

Solution : The equations,
Al+3H* — AI**+2H,
Mg+2H" —» Mg** +H,
show that 1 mole of Al produces % moles of hydrogen and

1 mole of Mg produces 1 mole of hydrogen.
Thus the mole equation is,

% moles of Al + 1 mole of Mg = 1 mole of H,.

Let the weight of Al be x g.
wt.of Mg=(1-x)g

3 x 1-x vol.of H, at NTP
2727 s T 4 '
1-2x0.92
Volume of H, at NTP = % X ? =1-104 litres

usin Vi PV _
& T
SV SR e
2 27 24 22-4
Wt. of Al = 0-55 g; wt. of Mg = 045 g.

Thus, % of Al= 0T55 % 100 = 55%

4
and % of Mg= % x 100 =45% .

Ex. 19. A 1-g mixture of cuprous oxide and cupric oxide was quantitatively reduced
to 0-839 g of metallic copper. What was the weight of cupric oxide in the original
sample?  (Cu=63-5, O =16)

Solution : Let the weight of CuO be x g. The weight of Cu,0 will be
(1 -x) g. As the Cu atoms are conserved, applying POAC for Cu atoms,
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moles of Cu in CuO + moles of Cu in Cu,O
= moles of Cu in the product

1 x moles of CuO +2 xmoles of Cu,O=moles of Cu

X oy 1-x 0839 CuO =795
79-5 143 ~ 635 Cu,0=143
x=055g.

Ex. 20. A mixture of FeO and Fe;O, when heated in air to a constant weight,

gains 5% in weight. Find the composition of the initial mixture.

Solution : When FeO and Fe;O, are heated, both change to Fe,O;. Let the

weights of FeO and Fe;O, be x g and y g respectively.
". total weight of reactant =(x +y) g.

Since weight increases 5% on heating,

. when FeO and Fe3O4 change completely to Fe,O,,

the wt. of Fe,O;= >< x+y)=105x+y)g.

100
Now,
FeO + Fe;O, — Fe, O,
xg yg 1.05(x +y) g.
Applying POAC for Fe atoms,
moles of Fe in FeO + moles of Fe in Fe;O, =moles of Fe in Fe,O,

1xmoles of FeO + 3 x moles of Fe,O,=2x moles of Fe,O,

3y 2x1.05 Fe0=72
= %%:XT(M. Fe,0, = 232
Fe,0, = 160

Dividing by y, we get
1 x 3 2x105 x 2x1.05

727y BT 160 Yy 160

x(1_21) 21 3
y 727160 160 232

x_81
y 319
[ _ =20-02%
Yo of FeO = (81 319) x 100 =20-02%
o, O,
and % of Fe;O, = (81 319) % 100 = 79-98%.

Ex. 21. What weight of CO is required to form Re,(CO),, from 2-50 g of Re,O,

according to the unbalanced reaction:
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Re,0,+CO — Re, (CO)y o+ CO,
(Re=186-2,C=12and O =16)
Solution : Suppose the relative moles of each reactant and product are as
follows (just for convenience)
Re,0O, + CO — Re,(CO),, + CO,
a moles b moles ¢ moles d moles
Applying POAC for Re atoms,
moles of Re in Re,O, =moles of Re in Re,(CO),,
2xmoles of Re,O; =2 xmoles of Re,(CO)y
2a=2c
or a=c. ... (1)
Applying POAC for C atoms,
moles of C atoms in CO=moles of C in Re, (CO),,
+ moles of C in CO..
1 x moles of CO=10xmoles of Re, (CO),,+ 1 Xxmoles of CO,
or b=10c +d. ... (ii)
Applying POAC for O atoms,
moles of O in Re,O,+moles of O in CO
= moles of O in Re, (CO),;+ moles of O in CO,.
7 x moles of Re,0O;+1xmoles of CO
=10 xmoles of Re,(CO),,+2x moles of CO,

or 7a+b=10c+2d. ... (iii)
From the eqns. (i), (ii) and (iii), we get,
17a=b
ie., 17 x moles of Re,O,=moles of CO
17 2-50 :Wt of COin g | mol. wt. of Re,0,=4844
484-4 28 mol. wt. of CO =28

Wt. of CO=2+46g.

Ex. 22. A 1-g sample of KClO; was heated under such conditions that a part of it
decomposed according to the equation:
(i) 2KClO; = 2KCl1+ 30,
and the remaining underwent change according to the equation:
(ii) 4KClO; = 3KClIO, + KCl

If the amount of O, evolved was 146-8 mL at NTP, calculate the percentage by
weight of KClOy in the residue.

Solution : KClO; — KCl+ 0O,
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Applying POAC for O atoms in the eqn. (i),
moles of O in KCIO; = moles of O in O,
3 xmoles of KCIO; =2 xmoles of O,

" wt . of KCIO; oy volume at NTP (mL)
mol. wt. of KCIO, 22400
2 x 146-8 x 122:5
3% 22400
=0-5358 g.
Again applying POAC for K atoms,

3

Wt. of KCIO, =

moles of K atoms in KCIO; = moles of K atoms in KCl
1 xmoles of KCIO;=1x moles of KCl

wt. of KCIO;  wt. of KCI
mol. wt. of KCIO, mol. wt. of KCI~
0-5358

Wt. of KCl =
1225

X 74-5=0-3260 g. .. ()

In the second reaction:
the amount of KCIO; left =1 —0-5358 = 0-4642 g.
We have,

KClO; — KCIO, +KC1

04642 g.
Applying POAC for O atoms,
moles of O in KCIO; = moles of O in KCIO,

3 xmoles of KCIO; =4 xmoles of KCIO,

3 wt. of KClO, 4 wt. of KCIO,
" mol. wt. of KCIO,; ~ " mol. wt. of KCIO,
3 x 04642 x 138-5
.of KO =—F7T——"—
Wt of KEI0, == 5 x4
= 03937 g, ()

Wt. of KCI produced by second reaction
=wt. of KCIO; - wt. of KCIO,
=0-4642-0-3937 = 0-0705 g. ... (iii)
Now since on heating KClO;, O, shall escape out, the substances as
residue are KCI produced by the reactions (i) and (ii) and KCIO,.
Wt. of residue = (i) + (ii) + (iii)
=0-3260+ 0-3937 + 0-0705
=0-7902¢g.
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% of KCIO, in the residue = 0
0-7902

=49-8%.

Ex. 23. A mixture of KBr and NaBr weighing 0-560 g was treated with aqueous
Ag" and all the bromide ion was recovered as 0970 g of pure AgBr. What
was the fraction by weight of KBr in the sample?

(K =39, Br =80, Ag =108, Na =23)

Solution : KBr + NaBr + Ag" — AgBr
xg (056-x)g 097 g
Since Br atoms are conserved, applying POAC for Br atoms,
moles of Br in KBr + moles of Br in NaBr = moles of Br in AgBr
or 1xmoles of KBr+1xmoles of NaBr=1xmoles of AgBr
I 0-56 —x _ 0.97
119 103 188
x=0-1332g.

{KBr=119 , NaBr =103 , AgBr = 188}

-1332
Fraction of KBr in the sample = 0133
0-560

=0-2378.

Ex. 24. Igniting MnQO, in air converts it quantitatively to Mn3O,. A sample of
pyrolusite is of the following composition: MnO, —80%, SiO, and other
constituents — 15%, rest being water. The sample is ignited in air to constant
weight. What is the percentage of Mn in the ignited sample?

(Mn = 55, O =16)

Solution : Suppose the weight of pyrolusite is x g.

wt. of MnOz:&xx:O-Sx.
100

. 15
Wt. of SiO,, etc. = 100 XX = 0-15 x.

5
Wt. of water = 00 x x =005 x.

When pyrolusite is ignited, MnO, changes to Mn;O, and H,O evaporates.
The residue contains, therefore, SiO,, etc., and Mn;0,.

Now, we know,
MnO, — Mn;0,
0-8xg
Applying POAC for Mn atoms,
moles of Mn in MnO, =moles of Mn in Mn;O,

1 xmoles of MnO, =3 x moles of Mn;0O, ... ()
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87 229 Mn,0O, =229
Wt. of Mn;O, =0-702 x g.
. wt. of the residue =wt. of Mn;O, + wt. of SiO,, etc.
=0702x+0-15x=0-852x g.
Now, since Mn atoms are conserved,

08x_, Wt of Mn,O, {Mn02:87 }
=3 X .

moles of Mn =moles of MninMn;O,
=moles of Mn in MnO,

=1xmoles of MnO,

0-8x
=87 (MnO, = 87).
. wt. of Mn = moles of MnXxat. wt. of Mn
0-8x
= W x 55 g
% of Mn in residue = M x 100
wt. of residue
0-8x x 55 100
= =59-37%.
87 s ok

Ex. 25. 1-84 g of a mixture of CaCO; and MgCO; was heated to a constant weight.
The constant weight of the residue was found to be 096 g. Calculate the
percentage composition of the mixture.  (Ca = 40, Mg =24, C=12, O =16)

Solution : On heating CaCO; and MgCOj;, one of the products, CO,, escapes

out.
We have,
CaCO,+MgCO, — CaO+MgO+ CO,T
xg (84-vg  yg (09%-1g
(say) (say)

Applying POAC for Ca atoms,
moles of Ca atoms in CaCO,; = moles of Ca atoms in CaO
1 xmoles of CaCO;=1xmoles of CaO

Xy {CaCOZ,:lOO} )
100 56 CaO =56

Again applying POAC for Mg atoms,

moles of Mg in MgCO; =moles of Mg in MgO

1 xmoles of MgCO;=1x moles of MgO
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... (i)

84 40 MgO = 40

From eqns. (i) and (ii), we get x=1g, y=0-84¢g

184-x 096-y {Mgco3 = 84}

% of CaCO,= 11@ x 100 =54-34%

and % of MgCO;=45-66% .
Second Method Apply POAC for C atoms.

Ex. 26. A sample of a mixture of CaCl, and NaCl weighing 422 g was treated
to precipitate all the Ca as CaCO,, which was then heated and quantitatively
converted to 0-959 g of CaO. Calculate the percentage of CaCl, in the mixture.

(Ca=40, 0=16, C=12 and Cl=355)

Solution : We have,

CaCl, —» CaCO; — CaO
x g (say) 0959 g
Since Ca atoms are conserved, applying POAC for Ca atoms,
moles of Ca in CaCl,= moles of Ca in CaO

1 xmoles of CaCl,=1x moles of CaO

~x_ 0959 CaCl, =111
111~ 56 CaO =56
x=1.901.
Percentage of CaCl,=1:901x 122 = 45.04%.

Ex. 27. A 2-g sample containing Na,CO; and NaHCO; loses 0-248 g when heated
to 300°C, the temperature at which NaHCO; decomposes to Na,CO;, CO, and
H,O. What is the percentage of Na,COjy in the given mixture?

(Na=23, C=12, O=16 and H=1)

Solution : On heating Na,CO; and NaHCO;, Na,CO; remains unchanged
while NaHCO; changes into Na,CO;, CO, and H,O. The loss in weight
is due to removal of CO, and H,O which escape out on heating.

wt. of Na,CO; in the product =2-00 - 0-248 =1-752 g.
Let the weight of Na,CO;in the mixture be x g.
wt. of NaHCO; = (2-00 - x) g.
Since Na,COj in the products contains x g of unchanged reactant Na,CO;
and rest produced from NaHCO;,
the wt. of Na,CO; produced by NaHCO; only = (1-752 - x) g.
Now, we have,
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NaHCO,; — Na,CO, + (H,0 + CO,) T
20-x)g @@A752-x)g

Applying POAC for Na atoms,

moles of Na in NaHCO; = moles of Na in Na,CO,

1 xmoles of NaHCO; =2 x moles of Na,CO,

20-x 2% 1.752 —x NaHCO, = 84
84 106 Na,CO, =106
82
xX= 0" 1-328 g.
. % of Na,CO, = % x 100 = 66-4%.

Ex. 28. (i) A solution of lead nitrate prepared by dissolving 2-07 g of pure lead
in nitric acid was treated with HCl, Cl, gas and NH,Cl. What will be the

maximum weight of (NHy), PbCly so produced?

(N=14, H=1, Pb =207, Cl=35"5)
(ii) If on performing the experiment, 2-28 g of (NH,), PbCl, was produced,
calculate the percentage yield of (NH,), PbCl,.

Solution : (i) We have,

Pb — Pb(NO,), ——, (NH,), PbCl,

207g CL, NH,Cl
Now, for maximum yield of (NH,), PbCl (i.e., 100% yield), Pb has to be
conserved.
Let us apply POAC for Pb atoms,
moles of Pb in the reactant = moles of Pb in (NH,), PbClg

=1xmoles of (NH,), PbCl,

2.07 maximum wt. of (NH,), PbCl,

o 07 T 156 [(NH,),PbCl, = 456]
maximum wt. of (NH,), PbCl,; =4-56 g.
) % vield amount produced experimentally 100
(i) % yield == unt for 100% yield __~
228
=——x1 = %.
156~ 00 = 50%

Ex. 29. Three different brands of ‘liquid chlorine” are available in the market for use
in purifying water of swimming pools. All are sold at the same rate of Rs 10
per litre and all are water solutions. Brand A contains 10% hypochlorite (C1O)
(wt./vol.), brand B contains 7% available chlorine (Cl) and brand C contains
14% sodium hypochlorite (NaClO). Which of the three would you buy?
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Solution : Let each of the solutions be 100 mL.

Ex.

Then, for brand A, wt.of CIO=10 g
for brand B, wt. of Cl=7g¢g
for brand C, wt. of NaClO=14g.
Let us now calculate wt. of CI in each brand.

(i) Moles of Cl in ClO in brand A =1 xmoles of CIO

10
=lx—r- ClO=51-5
“515 ( )
. 10
Wt. of Cl in brand A = E x35:5=6-89 g.

(i) Wt. of Cl in brand B=7 g (given).
(iii) Moles of Clin NaClO in brand C =1 xmoles of NaClO
14

=] x— . 10 = 74.
Ix— = (NaClO=745)

. 14
Wt. of Cl in brand C = 715 x 35:5=6-67 g.

As brand B contains the highest weight of Cl, it should be bought, being
the cheapest.

30. In the analysis of a 0-50-g sample of feldspar, a mixture of the chlorides of
Na and K is obtained, which weighs 0-1180 g. Subsequent treatment of the
mixed chlorides with silver nitrate gives 0-2451 g of AgCl. What is the
percentage of sodium oxide and potassium oxide in feldspar?

Solution : Suppose the weight of NaCl is x g.

Step I Step 11
Na,0 +K,0 —— NaCl+KCl —— AgCl
AgNO,
(in feldspar) xg (01180-x) g 02451 ¢g

Applying POAC for Cl atoms in Step II to calculate x,
moles of ClI in NaCl + moles of Cl in KCl = moles of Cl in AgCl
1xmoles of NaCl+ 1 xmoles of KCl=1xmoles of AgCl
x 01180 -x 0-2451
585 + 745 - 1435 ; x=00343 g.
(NaCl=585, KC1=74-5 and AgCl=1435)
wt. of NaCl=0-0343 g,
wt. of KCl=0-0837 g.

Again, applying POAC for Na and K atoms to calculate the weight of
Na,O and K,O respectively,

we get,
2 xmoles of Na,O=moles of NaCl
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and 2 x moles of K,O=moles of KCI.
1 wt. of NaCl
2 mol wt. of NaCl
1 wt. of KCl

wt. of Na,O = x mol. wt. of Na,O

and wt. of KO= x mol. wt. of K,O.

2 “mol. wt. of KCl
4
wt. of Na2O—l 00543 x62=0-018g
2 585
1 00837
f K 4 =0 .
and wt. of K,O= PRI ——Xx94=0053¢g

1
% of Na,O = 0005 8 %100 =3-6%

and % of K,O= 0 (?5503 % 100 = 10:6%.

31. 4-08 g of a mixture of BaO and an unknown carbonate MCO; was heated
strongly. The residue weighed 3-64 g. This was dissolved in 100 mL of
1.0 N HCL The excess acid required 16 mL of 2-5N NaOH solution for
complete neutralisation. Identify the metal M.

Solution : (Please see solved ex. 54, Chapter 7)

Ex.

32. A mixture contains NaCl and an unknown chloride MCL

(i) 1 g of this is dissolved in water. Excess of acidified AgNO; solution is added
to it. 2-567 g of a white precipitate is formed.

(ii) 1-0 g of the original mixture is heated to 300°C. Some vapours come out
which are absorbed in acidified AgNOj; solution. 1-341 g of a white precipitate

is obtained. Find the molecular weight of the unknown chloride.

Solution : Suppose the molecular weight of MCl is M.

Given that:
AgNO;
NaCl + MCl ——— AgCl
(1-x)g x g (say) 2:567 g
Applying POAC for Cl atoms,
moles of ClI in NaCl + moles of Cl in MCl = moles of ClI in AgCl
1 xmoles of NaCl+ 1 xmoles of MCl=1 xmoles of AgCl
Lox, X 2567, ()
585 M 1435
Now, further at 300°C MCI is supposed to undergo sublimation while
NaCl does not.
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We have,
AgNO,
MCl —— AgCl
300 °C
xg 1341 ¢g

Applying POAC for Cl atoms,
moles of Cl in MCl = moles of Cl in AgCl
1 x moles of MCl = 1 x moles of AgCl
x 1341

M= 1235 ... (ii)
From equations (i) and (ii), we get,
M =535.

mol. wt. of MCl =53.5.

Ex. 33. A solid mixture (5 g) consisting of lead nitrate and sodium nitrate was
heated below 600°C until the weight of the residue is constant. If the loss in
weight is 28%, find the amount of the lead nitrate and sodium nitrate in the
mixture.

Solution : The loss in weight (28% of 5 g), i.e., 1-4 g, is due to the formation
of the gases NO, and O, which escape out.

Pb (NO;), — PbO + NO, + O,
;_\/__J

xg(say)  (x-y)g yg(say)
NaNO; — NaNO, + O,
6G-x  Go6-x+y) (14-y)
Applying POAC for Pb and Na atoms, we get respectively,
moles of Pb(NO,), = moles of PbO

x X-y _ -
T TRETE {Pb(NO;), =331, PbO = 223}

and moles of NaNO; = moles of NaNO, {NaNO; =85, NaNO, = 69}

from which, we get,

¥=33246g
5-x _36°HY  \aNO, = 85, NaNO, = 69
85~ oo (NaNO;=85, NaNO,=69)

Thus, wt.of Pb (NO;),=3-3246 g,
wt. of NaNO;=5-3-3246=1-6754 g.

Ex. 34. In a particular experiment, 272 g of phosphorus, P, reacted with excess of
oxygen to form P,O,, in 89.5% yield. In the second step of the reaction, a 97.8%
yield of HyPO, was obtained. What mass of HyPO, was obtained?
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Solution : Apply POAC for P atoms for the following steps.

89.5% 97.8%
P4 . ? P4OIO . H3PO4
yield yield

In the first step, for 89.5% yield,
moles of P,O,, produced = moles of P, x 0.895

= % % 0.895 =1.9632.
In the second step, for 97.8% yield,
moles of H;PO, produced =4 x moles of P,O,,x 0.978
=4x1.9632 % 0.978 = 7.680.
wt. of H;PO, produced =7.680 x98 g

=752.65 g.

Ex. 35. For the production of equal amounts of hydrogen from the following reactions,
which metal, Zn or Al, is less expensive if Zn costs about half as much as Al
on a mass basis and by how much?

Zn + 2HCl — ZnCl, + H,

2Al + 6HCI — 2AICL; + 3H,

Solution : 1 mole of H, is produced by 1 mole, i.e., 65 g of Zn and

x 27
3

Now that Zn costs about half as much as Al, to purchase Zn and Al to
produce the same amount of H,, the cost ratio of Zn and Al will be 65 : 36.

Al is thus less expensive by % x 100, i.e., 44.61%.

1 mole of H, is produced by % mole, i.e., g of Al =18 g of AL

Ex. 36. 20.2 mL of CH;COOH reacts with 20.1 mL of C,H;OH to form
CH;COOC,H; (d=0.902 g/mL) by the following reaction.
CH;COOH + C,H;OH — CH,COOC,H; + H,O
(a) Which compound is the limiting reagent?

(b) If 27.5 mL of pure ethyl acetate is produced, what is the per cent yield?
Densities of CH;COOH and C,H;OH are 1.05g/mL and 0.789 g/mL

respectively.

Solution : (a) CH;COOH + C,H,OH — CH,COOC,H; + H,0

Mole of CH;COOH = % =0.3535.

Mole of C,H.OH = W 03447,
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As CH,COOH reacts with C,H;OH in a 1 : 1 mole ratio and mole of
C,H;0H is less than that of CH;COOH, C,H;0H is the limiting reagent.
(b) As C,H;OH is the limiting reagent, mole of CH;COOC,H; to be
produced theoretically
= 0.3447 mole.

27.5%0.902

84

=0.2953 mole.

.2953

0 3447
= 85.66%.

But experimental yield of CH;COOC,H;=

per cent yield of ethyl acetate = x 100

Ex. 37. A mixture of pure AgCl and pure AgBr is found to contain 60.94% Ag
by mass. What are mass percentages of Cl and Br in the mixture?
(Ag =108, Cl = 35.5, Br = 80)

Solution : Let us first calculate the weight ratio of AgCl and AgBr, their
wts. being supposed to be x and y g respectively in the mixture. Apply
POAC for Ag atoms.

AgCl+ AgBr — Ag
1 x moles of AgCl + 1 x moles AgBr = moles of Ag

143; B 1%8 moles of Ag.
wt. of Ag in the mixture = [ o Y jx 108. g
143. 5 188
As given,
x
(435 * 158 ¥ 108
=0.6094
X+y
x 0.035
v 01432
. % of Agel =210 _ 0055 4401964

x+y  0.035+0.1432
and % of AgBr = 80.36.
Thus, a 100-g mixture contains 19.64 g of AgCl and 80.36 g of AgBr.
Now calculate the amount of Cl in AgCl and the amount of Br in AgBr
in 100 g of the mixture.

> x19.64=4.85 g.

Wt. of Cl in 19.64 g of AgCl = 1135

Wt. of Br in 80.36 g of AgBr = 180 x80.36 =34.19 g.

88
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Thus 100 g of the mixture contains 4.85 g of Cl and 34.19 g of Br.

percentage of Cl = 4.85%
and percentage of Br = 34.19%.

Factor-Label Method (Dimensional Analysis)

This method is applied to stoichiometric calculations, provided chemical
equations are balanced. In this method, moles of one reagent are converted
to moles of another, using a ratio of the stoichiometric coefficients of the
balanced chemical equation. The use of this method may be clearly

understood by the following examples.

Ex. 38. From the following reaction sequence,
CaC, + H,O — CaO+C,H,
CH,+H, - CH,
nCGH, — (GHy),

calculate the mass of polyethylene which can be produced from 10 kg of CaC,.

. Wi of (H 10000 & CaC 1 mole CaC,
Solution : Wt. of (C,H,), = ( g CaCy)x 64 g CaC,

1 mole C,H, 1 mole C,H,
| Tmole CaC, "1 mole CH,

1 mole (C,H,),, 28n g (C,Hy),,
[ n mole C,H, 1 mole (C,H,),,
=4375g.
(note that n cancels)
Second Method Apply POAC for C atoms.

Ex. 39. From the following series of reactions,
Cl, + 2KOH — KClI + KCIO + H,0

3KCIO — 2KCl +KCIO,
4KCIO; — 3KCIO, +KCl
calculate the mass of chlorine needed to produce 100 g of KCIOj.

i Wt. of Cl,=100¢ KCIO L mole KCIO,
Solution : Wt. O 2= g 4 X 139 g KCIO,

3 mole KCIO, 1 mole KCIO;

1 mole Cl, 71g Cl,
| Tmole KCIO )| T mole Cl,

=2045g.

){4 mole KCIO3}<(3 mole 1<c1o)
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PROBLEMS

(Answers bracketed with questions)

1. Calculate orally
(i) How many moles of CaCO, shall be produced from 5 moles of Ca atoms?
(ii) How many moles of BaSO, shall be formed from 5 moles of BaCl,?
(iii) How many moles of Na,O shall be produced from 5 moles of Na atoms?
() 5 (i) 5 (iii) 2:5]
2. What weight of oxygen will react with 40 g of Ca? (16 g)

3. Calculate, without balancing the following equation, the volume of chlorine at NTP
produced from 50 g of sodium chloride.

NaCl + MnO, + H,SO, — NaHSO, + MnSO, + CL, + H,0 (9575 litres)

4. Two tonnes of an iron ore containing 94% of Fe,O, produces iron in pure state.

Calculate the weight of iron. (1315 kg)

5. Calculate the volume of acetylene at NTP produced by 100 g of CaC, with water.

(35 litres)

6. How many litres of detonating gas will be produced at NTP in the decomposition

of 0-1 mole of water by an electric current? (3-36 litres)

7. Find the mass of Cu(NO,), - 3H,0 produced by dissolving 10 g of copper in nitric
acid and then evaporating the solution. (38 g)

8. 490 g of KCIO,, on heating, shows a weight loss of 0-384 g. What per cent of the

original KCIO, has decomposed? (20%)

9. When the mixture of MgCO, and CaCO, was heated for a long time, the weight

decreased by 50%. Calculate the percentage composition of the mixture.
(MgCO;: 71.59%; CaCO,: 28.41%)

10. How many moles of Zn(FeS,), can be made from 2 g of Zn, 3 g of Fe and 4 g

11. Calculate the weight of V,0; produced from 2 g of VO and 5-75 g of Fe,O,

of §? (0-0269 mole)

VO +Fe,0, — FeO + V,0.. 218 g)

[Hint: Fe,O, is the limiting reagent.]

12. Equal weights of mercury and iodine are allowed to react completely to form a

mixture of mercurous and mercuric iodide leaving none of the reactants. Calculate
the ratio by weight of Hg,I, and Hgl, formed. (0:532: 1)

13. 5:5 g of a mixture of FeSO, -7H,O and Fe,(SO,), - 9H,0 requires 5-4 mL of 0-1 N

KMnO, solution for complete oxidation. Calculate the number of moles of hydrated
ferric sulphate in the mixture. (0-0095 mole)

14. Anhydrous sodium sulphate can absorb water vapour and be converted to the

decahydrate. By how many grams would the mass of a 1-g sample of the
thoroughly dried Na,SO, increase if exposed to sufficient water vapour to be
converted to the decahydrate? (127 g)
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A partially dried clay sample contained 50% of silica and 7% of water. The original
clay contained 12% of water. Find the percentage of silica in the original sample.
(47-3%)

1 g of a sample containing NaCl, NaBr and an inert material, with excess of AgNO,,
produces 0-526 g of precipitate of AgCl and AgBr. By heating this precipitate in
a current of chlorine, AgBr converted to AgCl and the precipitate then weighed
0-426 g. Find the percentage of NaCl and NaBr in the sample.

(NaCl: 4-25%; NaBr: 23-2%)

390 g of a mixture of Al and ALO,, when reacted with a solution of sodium
hydroxide, produced 840 mL of a gas at NTP. Find the composition of the mixture.
(Al: 17-3%)

[Hint: Only Al produces H,.]

To determine the NaCl content in commercial NaOH, 2 g of the latter was dissolved
in water and an excess amount of an AgNO, solution was added to this solution.
The precipitate formed was washed and dried. Its mass was 0-287 g. Find the mass
of NaCl in the initial sample. (0117 g)

One litre of an acidified solution of KMnO, containing 158 g of KMnO, is
decolourised by passing sufficient amount of SO,. If SO, is produced by roasting
of iron pyrites (FeS,), what will be the amount of pyrites required to produce the
necessary amount of SO,? (15 g)

When a mixture of NaBr and NaCl is repeatedly digested with sulphuric acid, all
the halogens are expelled and Na,SO, is formed quantitatively. With a particular
mixture, it was found that the weight of Na,SO, obtained was precisely the same
as the weight of NaBr-NaCl mixture taken. Calculate the ratio of the weights of
NaCl and NaBr in the mixture. (1-454 : 1)

254 g of iodine and 142 g of chlorine are made to react completely to yield a
mixture of ICl and ICl, . Calculate the number of moles of ICl and ICl; formed.

(0-1 mole, 0-1 mole)

An alloy of aluminium and copper was treated with aqueous HCL. The aluminium
dissolved according to the reaction:

AL+3H™ — AP +31,,
but the copper remained as pure metal. A 0-350-g sample of the alloy gave 415 cc

of H, measured at 273 K and 1 atm pressure. What is the weight percentage of
Al in the alloy? (95-3%)

1 g of dry green algae absorbs 47x107° mole of CO, per hour by
photosynthesis. If the fixed carbon atoms were all stored after photosynthesis as
starch, (C; H,, O;),,, how long would it take for the algae to double their own
weight assuming photosynthesis takes place at a constant rate? (7-88 hours)
[Hint: Wt. of (C,H,,O;,),=2-1=1g. Apply POAC for C in
CO, — (CH,O5),
moles of CO,
rate of absorption of CO, I

. time=
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. Crude calcium carbide is made in an electric furnace by the following reaction:
CaO+3C — CaC,+CO
The product contains 85% of CaC, and 15% of unreacted CaO.
(a) How much CaO is to be added to the furnace charge for each 1000 kg of CaC,
(pure) produced?
(b) How much CaO is to be added to the furnace charge for each 1000 kg of crude
product? [(a) 1051-5 kg; (b) 893-7 kg]

25 g of a mixture of BaO and CaO when treated with an excess of H,SO,, produced
4-713 g of the mixed sulphates. Find the percentage of BaO present in the mixture.
(60%)

A mixture of Nal and NaCl, when heated with H,SO,, produced the same weight
of sodium sulphate as that of the original mixture. Calculate percentage of Nal in
the mixture. (28-85%)

7-46 g of KCl was heated with excess of MnO, and H,SO,. The gas so produced
was then passed through a solution of KI. Calculate the weight of iodine.

MnO, KI
Hint: KC(l —— Cl, — I,; (moles of Cl,=moles of I,)

.50, 127g)

Carnalite is a double chloride of potassium and magnesium containing 38-86% of
water. 0-458 g of it gave 0-71 g of AgCl and 0-666 g of it gave 027 g Mg,P,0, .
Find the percentage of KClI in the carnalite. (2646%)

What volume of hydrogen at NTP is needed to reduce 125 g of MoO, to the metal?
(58:3 litres)

How much gas (in litres) will be produced at 0°C and 760 mm of pressure when
10 g of oxalic acid was heated with concentrated sulphuric acid? (497 litres)
H,S0,

[Hint: (COOH), —— CO +CO, + H,0. Apply POAC for C atoms.]

A natural gas sample contains 84% (by volume) of CH,, 10% of C,H, , 3% of C,Hy
and 3% of N,. If a series of catalytic reactions could be used for converting all the
carbon atoms of the gas into butadiene, C,H, , with 100% efficiency, how much

butadiene could be prepared from 100 g of the natural gas? 82 g)
What weights of P,0O, and P,O,, will be produced by the combustion of 2 g of P,
in 2 g of oxygen leaving no P, and O,? (1.996 g, 2:004 g)
From the following reactions, 2CoF, +F, — 2CoF,

(CH,), +4n CoF, — (CF,), +2n HF + 4n CoF,
calculate how much F, will be consumed to produce 1 kg of (CF,),, . (152 kg)

A mixture containing KClO,, KHCO,, K,CO, and KCl was heated, producing
CO,, 0, and H,0 gases according to the following equations:
2KCl1O4(s) — 2KCl(s) + 30,
2KHCO4(s) — K,O(s) + HO(g) + 2CO,(g)
K,CO4(s) = K,O(s) + CO,(g)
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The KCI does not react under the conditions of the reaction. If 100.0 g of the
mixture produces 1.80 g of H,O, 13.20 g of CO, and 4.0 g of O,, what was the

composition of the original mixture? (KClO,:10.2 g, KHCO,: 20 g, K,CO,: 13.8 g)

The ammonia prepared by treating ammonium sulphate with calcium hydroxide
is completely used by NiCl, - 6H,0 to form a stable coordination compound.
Assume that both the reactions are 100% complete. If 1584 g of ammonium sulphate
and 952 g of NiCl, - 6H,0O are used in the preparation, the combined weight (in

gram) of gypsum and the nickel ammonia coordination compound thus produced
is ... .

H=1,N=14,0=16,5=32,Cl = 355, Ca = 40, Ni = 59) (2992 g)
[Hint: (NH,),SO, + Ca(OH), — 2NH, + CaSO, - 2H,0 (IIT 2018 Adv.)
1584 12 mol 24 mol 12 mol
32 MO
6NH, + [Ni(H,0)]Cl, — [Ni(NH,)]Cl, + 6H,O
24 mol 4 mol 4 mol

As weight in gram = no. of mol x Mol. wt.

Wt. of CaSO, - 2H,0O(gypsum) + [Ni(NH,)]Cl,

=(12x172 +4x232) g]
Galena (an ore) is partially oxidised by passing air through it at high temperature.
After some time, the passage of air is stopped, but the heating is continued in a

closed furance such that the contents undergo self-reduction. The weight (in kg)
of Pb produced per kg of O, consumed is ... .

(O =16, S =32, Pb = 207) (6.47 kg)
[Hint: PbS+0O,— Pb+SO, (IIT 2018 Adv.)
mol of O,= mol of Pb

1000 (g) ~ Wt. of Pb(g) 1
32 207

Objective Problems

In a gaseous reaction of the type, aA + bB — ¢C +dD, which statement is wrong?
(a) a litres of A combine with b litres of B to give C and D

(b) a moles of A combine with b moles of B to give C and D

(c) a g of A combine with b g of B to give C and D

(d) @ molecules of A combine with b molecules of B to give C and D

The equation 2Al (s) +%O2 (g) — ALO,(s) shows that

(a) 2 moles of Al react with % moles of O, to produce % moles of AL,O,
(b) 2 g of Al react with % g of O, to produce one mole of Al,O,

(c) 2 g of Al react with % litre of O, to produce 1 mole of ALO,

(d) 2 moles of Al react with % moles of O, to produce 1 mole of AL,O,



50

10.

11.

12.

13.

14.

Modern Approach to Chemical Calculations

. If 5 litres of H,O, produce 50 litres of O, at NTP, H,O, is

(a) 50V’ (b) “10V’ (0) 5V’ (d) 250V

. 2:76 g of silver carbonate on being strongly heated yields a residue weighing

(@)2l6 g (b) 248 g (c)232¢g (d) 264 ¢g

. Assuming that petrol is octane (CgH,s) and has density 0-8 g/mL, 1425 litres of

petrol on complete combustion will consume
(a) 50 moles of O, (b) 100 moles of O,
(c) 125 moles of O, (d) 200 moles of O,

. 12 g of Mg will react completely with an acid to give

(a) 1 mole of O, (b) % mole of H, (c) 1 mole of H, (d) 2 moles of H,

. 10 mL of gaseous hydrocarbon on combustion gives 40 mL of CO,(g) and 50 mL
of H,O (vap.). The hydrocarbon is
(a) C,H; (b) CsHy, (o) C;H, (d) CHy

. For complete oxidation of 4 litres of CO at NTP, the required volume of O, at NTP
is
(a) 4 litres (b) 8 litres (c) 2 litres (d) 1 litre

. The minimum quantity in grams of H,S needed to precipitate 63-5 g of Cu”* will
be nearly
(@) 635 ¢g (b) 3175 g ()34 ¢g (d)20g
If 0-5 mole of BaCl, is mixed with 0-2 mole of Na,PO,, the maximum number of
mole of Ba, (PO,), that can be formed is
(a) 07 (b) 0-5 (c) 0-30 (d) 01
For the reaction A +2B — C, 5 moles of A and 8 moles of B will produce
(a) 5 moles of C (b) 4 moles of C
(c) 8 moles of C (d) 13 moles of C
A mixture of N, and H, is caused to react in a closed container to form NH,. The

reaction ceases before either reactant has been totally consumed. At this stage,
2.0 moles each of N,, H, and NH; are present. The moles of N, and H, present

originally were respectively,

(a) 4 and 4 moles (b) 3 and 5 moles
(c) 3 and 4 moles (d) 4 and 5 moles
A compound with molar mass 180 is acylated with CH,COCI to get a compound

with molar mass 390. The number of amino groups present per molecule of the
former compound is
(@) 2 (b) 5 (c) 4 de6

(ITT 2013 Main)
The molecular formula of a commercial resin used for exchanging ions in water
softening is CgH,SO,Na (mol. wt. = 206). What would be the maximum uptake of

Ca”™ ions by the resin when expressed in mole per gram resin? (IIT 2015 Main)
1 1 1 1
@ 103 ®) 206 © 300 @3

int: atCa — a+2Na
[Hint: 2C,H,SO,Na + Ca”* — (C;H,S0,),Ca + 2Na]
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15. A sample of NaClO; is converted by heat to NaCl with a loss of 0.16 g of oxygen.
The residue is dissolved in water and precipitated as AgCl. The mass of AgCl
(in g) obtained will be ... . (AgCl = 1435 g mol ™)

(a) 0.54 (b) 0.41 (c) 0.48 (d) 0.35
(IIT 2018 Main)
[Hint: NaClO, — NaCl + O, — AgCl; Apply POAC]
0.16g

Answers

1-c, 2-d, 3-b, 4-a, 5-c, 6-b, 7-d, 8-c, 9-c, 10-d, 11-b, 12-b, 13-b, 14-d, 15-c.

Q



CHAPTER THREE
EUDIOMETRY OR GAS ANALYSIS

Gaseous reactions are carried out in a special type of tube known as an
eudiometer tube. The tube is graduated in millimetres for volume
measurement. The reacting gases taken in the eudiometer tube are exploded
by sparks, produced by passing electricity through the platinum terminals
provided in the tube. The volumes of the products of a gaseous explosion are
determined by absorbing them in suitable reagents, e.g., CO, and SO, are
absorbed in KOH solution, O, is absorbed in a solution of alkaline pyrogallol,
and CO is absorbed in a solution of ammoniacal cuprous chloride. Since
H,O vapour produced during the reaction changes to liquid on cooling, the
volume of water is neglected, but while applying POAC, moles of H,O
produced cannot be neglected.

Eudiometry is mainly based on Avogadro’s law, which states that equal
volumes of all gases under similar conditions of temperature and pressure
contain equal number of molecules. Two gases having equal number of
molecules, also have equal number of moles. The mole concept may be
applied in solving the problems of this chapter, keeping in mind that in a
gaseous reaction the relative volumes (measured under identical conditions)
of each reactant and product represent their relative numbers of moles.

Alg) + Bgg — C® + D(g

a volumes b volumes ¢ volumes d volumes
a moles b moles ¢ moles d moles

In the following problems we shall again see that the balancing of gaseous
reactions are not required if solved by the POAC method.

EXAMPLES

Ex. 1. What volume of oxygen will be required for the complete combustion
of 18:2 litres of propane at NTP?

Solution : CHg+ O, —» CO,+H,0O
Applying POAC for C atoms, we have,
moles of C in C3Hg= moles of C in CO,

3 xmoles of C;Hg=1xmoles of CO.. (@)
Similarly, applying POAC for H and O atoms,
8 xmoles of C;Hg=2xmoles of H,O .. (2

52
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2 x moles of O, =2 xmoles of CO,+1 x moles of H,O. ... (3)
Substituting moles of CO, and moles of H,O from eqns. (1) and (2) in
eqn. (3),

2 xmoles of O,=2x3xmoles of C;Hg+1x4xmoles of C;Hg

moles of  O,=5xmoles of C;Hg
volume of O,at NTP (lit.) . volume of C;Hgat NTP (lit.) '

224 22:4

(Rule 3, Chapter 1)
Volume of O, at NTP =5 X 18-2 =91 litres.
2. 20 mL of CO was mixed with 50 mL of oxygen and the mixture was exploded.

On cooling, the resulting mixture was shaken with KOH. Find the volume of
the gas that is left.

Solution : CO+0, —» CO,
Applying POAC for C and O atoms, we get respectively
moles of CO =moles of CO, .. (1)
and moles of CO + 2 x moles of O, =2 xmoles of CO,. .. (2)

Ex.

From eqns. (1) and (2),
moles of CO=2xmoles of O,

moles of CO

moles of O, 2

or

volume of CO

volume of O, =2. ... (Avogadro’s law)

or

Since the volume of CO is twice that of O,,

for 20 mL of CO the volume of O, will be 10 mL, which will react with
20 mL of CO. Thus, the volume of O, remaining unreacted is 40 mL.
Further, as KOH absorbs CO, produced in the reaction, the only gas left
is O,, the volume of which is 40 mL.

3. 10 mL of a gaseous hydrocarbon was burnt completely in 80 mL of O, at
NTP. The remaining gas occupied 70 mL at NTP. This volume became 50 mL
on treatment with KOH solution. What is the formula of the hydrocarbon?

Solution : Let the hydrocarbon be C,H, .

We know that the hydrocarbon on combustion gives CO, and H,O. As
said in the beginning, since the volume occupied by water is neglected,
we have,

volume of CO, produced + unreacted O, = 70 mL and

volume of unreacted O, (CO, absorbed by KOH) = 50 mL.
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volume of O, reacted with 10 mL of hydrocarbon
= (80 -50) mL =30 mL
and volume of CO, produced by 10 mL of hydrocarbon and 30 mL of
0, = (70 - 50) mL = 20 mL.
Now the reaction is
GH, + O, - CO, + H0
10 mL 30 mL 20 mL
or 10 moles 30 moles 20 moles
Applying POAC for O atoms, we get,
2 xmoles of O,=2xmoles of CO,+1xmoles of H,O
2% 30=2x20+moles of H,O.
moles of H,O =20.
Applying POAC for C atoms, we get,
xxmoles of C;H,=1xmoles of CO,
xx10=1x20. - x=2.
Applying POAC for H atoms,
yxmoles of C;H, =2 xmoles of H,O
yx10=2x20. . y=4.
The formula of the hydrocarbon is C,H, .

Ex. 4. 16 mL of a hydrocarbon gas was exploded with excess of oxygen. On cooling,

the volume of the resulting gaseous mixture was reduced by 48 mL. When
KOH was added, there was a further decrease of 48 mL in the volume. Find
the molecular formula of the compound.

Solution : Since water vapour condenses to practically zero volume of water,

the decrease in volume on cooling is the volume of water vapour. CO,
is absorbed by KOH and so volume of CO, is equal to 48 mL.

Thus,
CH, say) + O, — CO, + HO
16 mL 48 mL 48 mL
or 16 moles 48 moles 48 moles
Since C and H are completely converted to CO, and H,O respectively,
applying POAC for C and H atoms we get respectively,
xXmoles of C;H,=1xmoles of CO,

16x = 48. Sox=3.
yxmoles of C;H,=2xmoles of H,O
16y =2 x 48. soy=6.

Hence, the formula of the hydrocarbon is C;H,.
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Ex. 5. 7-5 mL of a gaseous hydrocarbon was exploded with 36 mL of oxygen. The
volume of gases on cooling was found to be 28-5 mL, 15 mL of which was
absorbed by KOH and the rest was absorbed in a solution of alkaline pyrogallol.
If all volumes are measured under the same conditions, deduce the formula of
the hydrocarbon.

Solution : Volume of CO, produced = 15 mL. (absorbed by KOH)
Volume of unused O, = (28-5 — 15) mL = 13-5 mL. (absorbed by pyrogallol)
. volume of O, reacted with 7:5 mL of hydrocarbon

=(36:0 — 13:5) mL = 22-5 mL.

Thus,
CH, (say) + O, — CO, + HO
7-5 mL 22.5 mL 15 mL

or 7-5 moles 22.5 moles 15 moles

Applying POAC for C, H and O atoms, we get respectively,

x x moles of C,H, =1 xmoles of CO, .. (D)
75x=15; x=2

yxmoles of C;H, =2xmoles of H,O (2

2 xmoles of O,=2xmoles of CO,+1xmoles of H,O. ... (3)

From eqns. (2) and (3), eliminating moles of H,O, we get
yxmoles of C,H,
2

2 x moles of O,=2xmoles of CO,+1x

2x225= 2><15+—y

y=4.
Hence, the formula of the hydrocarbon is C,H,.

Ex. 6. A sample of a gaseous hydrocarbon occupying 1-12 litres at NTP when
completely burnt in air produced 2-2 g of CO, and 1-8 g of H,O. Calculate the
weight of the compound taken and the volume of O, at NTP required for its
burning. Find the molecular formula of the hydrocarbon.

112
Solution : Mole of hydrocarbon = - 21—0 (Rule 3, Chapter 1)
Mole of CO, = 22 _1 Rule 1, Chapter 1
ole o 2= 12 =20 (Rule 1, Chapter 1)
1.8 1
Mole of H,O = —- (Rule 1, Chapter 1)

18710
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Thus,
CHy (suppose) + O, — CO, + H,O
1 1 1
%mole %mole Emole

Applying POAC for C and H atoms we get respectively,
x xmoles of C,H, =1 x moles of CO,
1 1
x X 2—0 =1x E ;x=1

and y x moles of C;H,=2xmoles of H,0

yXZLOZZX%; y=4.
Thus, formula of the hydrocarbon is CH,.
Wt. of CH,=moles of CH, xmol. wt.
= % x16=08g.
Now, again applying POAC for O atoms,
2 x moles of O, = 2 x moles of CO, + 1 x moles of H,O
volume of O, (NTP) in lit. 1 1 1
x 224 X0 t1075
vol. of O, at NTP = 2.24 litres.

Ex. 7. 7:5 mL of a hydrocarbon gas was exploded with excess of oxygen. On cooling,
it was found to have undergone a contraction of 15 mL. If the vapour density
of the hydrocarbon is 14, determine its molecular formula. (C =12, H=1)

Solution : A contraction in volume on cooling shows the volume of H,O
vapour produced.

Thus,
C,H, (suppose) + O, — CO, + H,O (vapour)
7-5 mL 15 mL
7-5 moles 15 moles

Applying POAC for H atoms,
yxmoles of C;H,=2xmoles of H,O

yx75=2x15 y=4.
Since molecular weight of hydrocarbon = 2 x vapour density

=2x14=28
and the formula is C,H,, we have,
12xx+4=28; x=2.

Hence, the formula of the hydrocarbon is C,H,.
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Ex. 8. 10 mL of a gaseous organic compound containing C, H and O only was
mixed with 100 mL of oxygen and exploded under conditions which allowed
the water formed to condense. The volume of the gas after explosion was 90 mL.
On treatment with potash solution, a further contraction of 20 mL in volume
was observed. Given that the vapour density of the compound is 23, deduce the
molecular formula. All volume measurements were carried out under the same
conditions.

Solution : Volume of unreacted O, + vol. of CO, =90 mL.
(H,O vapour condensed)
Volume of CO, (absorbed by KOH) = 20 mL.
*. volume of unreacted O, = (90 —20) mL =70 mL.
Volume of O, reacted with 10 mL of compound
=(100-70) mL =30 mL.

Thus,
CH,O; (suppose) + O, — CO, + H,O
10 mL 30 mL 20 mL

or 10 moles 30 moles 20 moles

Applying POAC for C atoms,
x xmoles of C,H, O, =1 x moles of CO,
xx10=1x20; x=2.
Again applying POAC for H and O atoms, we get respectively,
yxmoles of C;H,O,=2xmoles of H,O
10y =2 x moles of H,0O .. (1)
and z xmoles of C,H,O, +2xmoles of O,

=2xmoles of CO,+1 xmoles of H,0O

10z + 2 x 30 =2 x 20 + moles of H,O. ... (2
Eliminating moles of H,O from eqns. (1) and (2), we get
y—2z=4 .. (3)

Now,
molecular wt. of the compound = 2 x 23 = 46.
= for the compound C,H,0,,

2x12+yx1+2zx16=46

y+16z=22. ... (4)
From eqns. (3) and (4), we get,
y=6 and z=1.
formula of the compound is C,HO.
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9. 9 volumes of a gaseous mixture consisting of a gaseous organic compound
A and just sufficient amount of oxygen required for complete combustion, yielded
on burning, 4 volumes of CO, , 6 volumes of water vapour and 2 volumes of
N, , all volumes measured at the same temperature and pressure. If the compound
A contained only C, H and N, (i) how many volumes of oxygen are required
for complete combustion, and (ii) what is the molecular formula of the
compound A?

Solution : Suppose the compound A is C,H, N,

Ex.

i) GHN, + O, — CO, + HO (vapour) + N,

(9 —v) vol. v vol. 4 vol. 6 vol. 2 vol.
(suppose)
or (9 —-v) moles v moles 4 moles 6 moles 2 moles

Applying POAC for O atoms,
2 xmoles of O,=2xmoles of CO,+1xmoles of H,O
20=2x4+1x6=14; v="7volumes.
(ii) The reaction is
CHN, + 0, — CO, + H)O(vapour) + N,
2 vol. 7 vol. 4 vol. 6 vol 2 vol.
or 2moles 7 moles 4 moles 6 moles 2 moles
Applying POAC for C, H and N, we get respectively,
xxmoles of C,;H,N,=1xmoles of CO,
xX2=1x4; x=2

yxmoles of C;H)N,=2xmoles of H,O (vapour)
YX2=2%X6;y=6

zxmoles of C;H N, =2xmoles of N,
ZX2=2x%2; z=2.

Hence, the compound is C,H¢N, .

10. An organic compound C,H,, O, was burnt with twice the amount of oxygen
needed for complete combustion to CO, and H,O. The hot gases when cooled
to 0°C and 1 atm pressure, measured 2-24 litres. The water collected during
cooling weighed 0-9 g. The vapour pressure of pure water at 20°C is 17-5 mmHg
and is lowered by 0-104 mm when 50 g of organic compound is dissolved in
1000 g of water. Give the molecular formula of the organic compound.

Solution : Suppose the number of moles of C,H, O, is m and total volume

of O, used is 2v litres at 0°C and 1 atm pressure (NTP).
volume of O, reacted = v lit.
and volume of O, remaining = v lit.
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As given,
volume of O, not reacted + volume of CO, formed=2-24 lit.
volume of CO, formed = (2-24 - v) lit.

Thus we have,

CtzyOy + O, —» HO + CO,
m moles v lit. 09 g (224 - v) lit.
v 09 (2:24 - v)
m moles d moles T 0-05 mole o moles

(Rule 3) (Rule 1) (Rule 3)
Chapter 1 Chapter 1~ Chapter 1

Applying POAC for C, H and O we get respectively,
x xmoles of C,Hyp O, =moles of CO,

224 -0
= . 1
or xXm o (1)
2y xmoles of C;Hp, O, =2xmole of H,O
2y xm=2x005=0-1 .. (2

yxmole of C,H, O, +2xmole of O,
=1xmole of H,O+2xmoles of CO,

yxm+2x—2—=005+2x 2240, 3)
22:4 (22-4)
Substituting (y x m) from Eqn. (2) in (3) we get,
v=112.
Putting the value of v in Eqn. (1), we get,
xxm=0-05 N C))
Dividing Eqn. (4) by Eqn. (2)
X
. 1. ... (5

Now, from the vapour pressure data, we can calculate the molecular
weight of C,H,,0O, .
From Raoult’s law, we know

decrease in VP moles of solute

VP of solvent ~ moles of solute + moles of solvent

(See dilute solutions, Chapter 13)

0-104 50m
175~ 50 + 10004g
M =150.
Thus, we have another equation from the formula C,H,O, and its

(M = mol. wt. of C,H,,0y)

molecular weight,
12x + 18y = 150. ... (6)
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From eqns. (5) and (6),
x=5, y=5.
Hence, the molecular formula of the organic compound is CsH;(Os.

Ex. 11. 100 mL of a gas at NTP was heated with tin. Tin converted into stannous
sulphide and hydrogen was left. This hydrogen when passed over hot CuO,
produced 0-081 g of water. If the vapour density of the gas is 17, find its formula.

Solution : In this problem it is clear that the gas contains H and S only.
Let the formula of the gas be H,S, .

Thus,
(H, passed over hot CuO)
H,S,+Sn — SnS+H, H,O

Since all the H of the gas converted into H,O,
applying POAC for H atom, we have,
xXxmoles of H,S =2xXmoles of H,0

100 0-081
22400 2% 18 ¥=2
(Rule 3) (Rule 1)
Chapter 1  Chapter 1
Hence, the formula of the gas is HZSy, the molecular weight of which
is 34. (mol., wt. =2 x vapour density)
=2x17=34.

XX

2x1+yx32=34

y=1.
Thus, the formula of the gas is H,S.

Ex. 12. Determine the formula of ammonia from the following data:
Volume of ammonia = 25 mL
Volume on addition of O, after explosion = 71-2 mL
Volume after explosion with O, (on cooling) = 14-95 mL

Volume after being absorbed by alkaline pyrogallol =12-5 mL

Solution : Since ammonia on explosion produces N, and H, ,
volume of (N, +H, + total O,)=71-2mL.
Volume of (N, +unused O,) =14-95 mL.

(v on further explosion with O,,H, changes to H,O, the
volume of which on cooling is zero)
Volume of N, = 12:5 mL.

(~ unused O, is absorbed by alkaline pyrogallol)
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volume of (H, + total O,) =(71-2-12-5) mL = 587 mL.
. volume of unused O, = (1495 -12-5) mL = 2:45 mL.
. volume of H,+used O, = (587 — 2:45) mL = 56-25 mL.
Now, let the volume of H, be x’mL.
H + 0, - H,O
¥mL (5625 -x") mL

or x’moles (56-25 — x” ) moles

Applying POAC for H atoms and O atoms,
2 xmoles of H,=2xmoles of H,0O .o (1)
2xmoles of O,=1xmoles of H,O. e (2)

From eqns. (1) and (2), we have
moles of H,=2 X moles of O,
x'=2x(56-25-x")
or X’ =37-50 mL.
Now, let the formula of ammonia be N H,.

explosion
NH, — N, + H,
25 mL (given) 12:5 mL (given) 37-5 mL (calculated)
or 25 moles 12-5 moles 37-5 moles

Applying POAC for N atoms,
xxmoles of N;H, =2xmoles of N,
xx25=2x12-5; x=1.
Again applying POAC for H atoms,
yxmoles of N;H, =2 xmoles of H,
yx25=2x3750; y=3.
Hence, the formula of ammonia is NH;.

Ex. 13. At a high temperature the compound S;N, decomposes completely into N,
and sulphur vapour. If all measurements are made under the same conditions
of temperature and pressure, it is found that for each volume of SN, decomposed,
2.5 volumes of gaseous products are formed. What is the molecular formula of
sulphur?

Solution : Let the molecular formula of sulphur be S, .
SNy, — S + N,

I vol. v vol. (2:5 - v) vol.
(suppose)
or 1 mole v moles (2:5-v) moles

Applying POAC for S and N atoms, we get respectively,
4 xmoles of S,N,=xxmolesof S,
4=xXv .. (1)
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and 4 xmoles of S,N,=2xmoles of N,
4=2%(2:5-0) . (2

From the eqns. (1) and (2), we get x=38.
Thus the molecular formula of sulphur is Sg.

Ex. 14. 50 mL of pure and dry oxygen was subjected to silent electric discharge
and on cooling to the original temperature, the volume of ozonised oxygen was
found to be 47 mL. The gas was then brought in contact with turpentine oil,
when after the absorption of ozone, the remaining gas occupied a volume of
41 mL. Find the molecular formula of ozone.

Solution : Total volume of O, = 50 mL.
Volume of O, (not converted to O,) + ozone produced = 47 mL.
Volume of O, (not converted to O, ) = 41 mL.
(ozone absorbed in turpentine oil)
~. volume of O, converted to O, =50-41=9 mL.

Volume of ozone produced =47 —41=6 mL.
Let the formula of ozone be O, .
O, - Oy
9 mL 6 mL
or 9 moles 6 moles

Applying POAC for the O atom, we get,
2 xmoles of O,=xxmoles of O,
2X9=xx6.
o x=3.
Hence, the formula of ozone is O;.

Ex. 15. 50 mL of a mixture of CO and CH, was exploded with 85 mL of O,. The
volume of CO, produced was 50 mL. Calculate the percentage composition of

the gaseous mixture if all volumes are measured under the same conditions, and
the given volume of O, is just sufficient for the combustion of 50 mL of the

mixture of CO and CH, .

Solution: CO + CH, + O, — CO, + H,0O
50 -x) mL xmL 85 mL 50 mL
(suppose)
or (50-x) moles x moles 85 moles 50 moles
Applying POAC for H and O atoms, we get respectively,
4 x moles of CH,=2xmoles of H,O. .. (D

and 1xmoles of CO+2xmoles of O,
=2 xmoles of CO,+1xmoles of H,O. .. (2
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From (1) and (2), eliminating moles of H,O, we get,
moles of CO+2xmoles of O,
=2xmoles of CO,+2xmoles of CH,
(50— x) +2x85=2%50+2 x x
x =40.
Hence volume of CH, =40 mL
and  volume of CO=(50-40)=10 mL.

percentage of CH, in the mixture :%x 100 = 80%

and percentage of CO =20%.

Ex. 16. A 40-mL sample of a mixture of H, and O, was placed in a gas burette
at 18°C and 1 atm pressure. A spark was applied so that the formation of H,O
was complete. The remaining pure gas had a volume of 10 mL at 18°C and
1 atm pressure. If the remaining gas was hydrogen, what was the initial mole
per cent of hydrogen in the mixture?

Solution : Total volume of H, and O, which reacted with each other
= (40 - 10) mL =30 mL.
Let the volume of H, which reacted be x mL.
H, + 0O - H,O
xmL (30 — x) mL { under similar conditions
xmoles (30 -x)moles |of temperature and pressure
Applying POAC for H and O atoms,
2 xmoles of H,=2xXxmoles of H,O o (D
2xmoles of O,=1xmoles of H,O . (2
From the eqns. (1) and (2),
moles of H, =2 xmoles of O,
x=2x(30-x).
e x=20.
Total volume of hydrogen
= vol. of H, undergoing reaction + vol. of H, remained
=20 mL + 10 mL
=30 mL.
Now, total volume of gas is 40 mL.
.. volume percentage of H, in the mixture
= % %100 = 75%
and from Avogadro’s law, mole per cent of H, is also 75%.
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Ex. 17. A sample of coal gas contained H,, CH, and CO. 20 mL of this mixture
was exploded with 80 mL of oxygen. On cooling, the volume of gases was
68 mL. There was a contraction of 10 mL when treated with KOH. Find the

composition of the original mixture.

Solution : Volume of total O, = 80 mL.
Volume of CO, + unreacted O, = 68 mL.
Volume of CO, = 10 mL. (absorbed in KOH)
". volume of unreacted O,=(68—-10) mL =58 mL.

Volume of O, used in explosion = (80 — 58) mL =22 mL.

Let the volume of H, and CO in the mixture be x mL and y mL

respectively. Thus,

H, + CO + CH, + o, —» CO, +
x mL ymL (20 - x —y) mL 22 mL 10 mL
x moles y moles (20 — x —y) moles 22 moles 10 moles

Applying POAC for H, O and C atoms, we get respectively,
2 xmoles of H,+4 xmoles of CH,
=2 xmoles of H,O
2x+4 (20 -x —y) =2 xmoles of H,O
1 xmoles of CO+2xmoles of O,
=2xmoles of CO,+1xmoles of H,0O
y+2x22=2x10+moles of H,0O
and 1 x moles of CO+1xmoles of CH,
=1xmoles of CO,
y+20-x-y)=10.
o x=10 mL.
From the eqgns. (1) and (2), eliminating moles of H,O we get
y+44=20+x+220-x-y)
Substituting the value of x,
y+44=20+10+2(20-10-y)
3y=6
y=2mL
. volume of CH;=20-(10+2)=8 mL.

1
. percentage volume of H,in the mixture = % x 100 =50%

2
percentage volume of CO in the mixture = 20 % 100 =10%

percentage volume of CH,in the mixture = 3 x 100 = 40%.

20

H,0

)

)

®)
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Ex. 18. 1 litre of a mixture of CO and CO, is taken. This mixture is passed through
a tube containing red hot charcoal. The volume now becomes 1-6 litres. The
volumes are measured under the same condition. Find the composition of the
mixture by volume.

Solution : When the mixture of CO and CO, is passed through red hot
charcoal, CO, changes to CO.
Let the volume of CO, in the mixture be x litres
ie, CO,=uxlitres CO=(1-x) litres in the mixture.
On passing through red hot charcoal,
Co, é Cco
x litre
Since O atoms are conserved, applying POAC for O atoms,
2 xmoles of CO,=1xmoles of CO
or 2xvolume of CO,=1xvolume of CO

2 X x =volume of CO

or volume of CO =2x.
total volume of CO=(1-x)+2x=(1+x)
and 1+x=1-6, (given)
x=0-6 litre.

volume of CO,in the mixture = 0-6 litre.

Volume of CO in the mixture =1 - 0-6 = 0-4 litre.

Ex. 19. 10 mL of a mixture of CO, CH, and N,, exploded with excess of oxygen,
gave a contraction of 6-5 mL. There was a further contraction of 7 mL when
the residual gas was treated with KOH. What is the composition of the original
mixture?

Solution : In the explosion, N, does not take part in the reaction, while CO
and CH, change to CO, and H,O, volume of H,O (water) being zero.
Let the volume of CO=xmL

CH,=ymL
N,=(10-x-y)mL
The explosion reaction is
cO + CH, +0, - CO, + HO

x mL y mL 7 mL
or x moles  y moles 7 moles

Applying POAC for C, O and H atoms, we get respectively,
moles of CO + moles of CH, =moles of CO,
x+y=7 .. (D
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moles of CO + 2 x moles of O, =2 x moles of CO, + moles of H,O
x +2xmoles of O,=14+moles of H,0O .. (2
and 4 xmoles of CH,=2xmoles of H,O ... (3
4y =2 x moles of H,O.
From eqns. (2) and (3), we get
moles of O, = [7 +y- %) - (used in explosion)

Now, again we consider the reaction,

CcO + CH, + 0O, - cO, + HO
x moles  y moles [7+y—(x/2)] moles 7 moles
or x mL y mL [7+y—§] mL 7 mL

As given in the problem,

volume of reactants — volume of products = 6-5 mL

volume of (CO + CH, + O,) — vol. of CO, (vol. of water = 0) = 6-5 mL
(N, has not been included as it would be in both reactants and products)

x+y+(7+y—§ -7=65

x+4y=13. RG]
From eqns. (1) and (4), we get,
x=5 y=2
vol. of CO=5 mL
vol. of CH,=2 mL
vol. of N,=10-5-2=3 mL

Ex. 20. 10 mL of a mixture of CH, , C,;H, and CO, was exploded with excess of

air. After explosion there was a contraction of 17 mL and after treatment with
KOH, there was a further reduction of 14 mL. What was the composition of
the mixture?

Solution : In the explosion the reactant CO, does not change, while CH, and
C,H, change to CO, and H,O. The volume of H,O is taken to be zero.
*. vol. of CO, in the reactant + CO, produced = 14 mL.
Let the volume of CH, and C,H, in the mixture be respectively x and
y mL.
". volume of CO, in the mixture = (10 —x —y)
and vol. of CO, produced on explosion =14 — (10 - x — y)

=(4+x+y)mL.

Now, we know,
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CH, + GCH, + O,b - CO, + H,0
x mL y mL 4+x+y)ymL
x moles y moles (4 +x +y) moles
Applying POAC for C, H and O atoms, we get respectively,
1 xmoles of CH,+2 xmoles of C,H,=1Xxmoles of CO,,

x+2y=4+x+y;, y=4 .. (D)
4 xmoles of CH,+ 4 x moles of C,H,=2Xxmoles of H,O
4x +4y =2 x moles of H,O .. (2
2 xmoles of O,=2xmoles of CO,+1xmoles of H,O
2 xmoles of O,=2(4+x+y)+moles of H,O ... (3

From eqns. (2) and (3), eliminating moles of H,O, we get
moles of O, =(4+2x +2y). (used in explosion)
Now, again consider the explosion reaction,
CH, + GCH, + 0O, - co, + HO
x moles y moles (4 + 2x+2y) moles (4 + x +y) moles
x mL ymL (4+2x+2y) mL (4 +x+y) mL
" vol. of reactants — vol. of products = 17 mL (as given)
Xty + @ +2x+2y) - +x+y)=17
or 2x+2y=17. .. (4
From eqns. (1) and (4), we get,
x=4>5
vol. of CH,=4-5 mL
vol. of C,H,=4-0 mL
vol. of CO,=(10-4-5-4)mL=1-5mL

Ex. 21. 60 mL of a mixture of nitrous oxide and nitric oxide was exploded with
excess of hydrogen. If 38 mL of N, was formed, calculate the volume of each
gas in the mixture.

Solution : Let the volume of NO in the mixture be x mL.
NO + N,O + H, - N, + HO
xmL  (60-x) mL 38 mL

or x moles (60 — x) moles 38 moles

Since N atoms are conserved, applying POAC for N atoms,
we get,

1 x moles of NO + 2 x moles of N,O=2xmoles of N,
x+2(60-x)=2x38
x=44.
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Hence, volume of NO =44 mL
and volume of N,O=(60-44) mL=16 mL

Ex. 22. A mixture of formic acid and oxalic acid is heated with concentrated

H,SO, . The gas produced is collected and on its treatment with KOH solution
the volume of the gas decreased by one-sixth. Calculate the molar ratio of the
two acids in the original mixture.

Solution : The decomposition of the acids takes place as follows:

HCOOH - HO + CO
a moles (say) a moles a moles
a vol. a vol.
HCO, —- HO + CO + CO,
b moles (say) b moles b moles b moles
b vol. b vol. b vol.
H,O is absorbed by H,SO, and CO, is absorbed by KOH.
Thus, as given,
volume of CO, b

1
total volume of (CO+CO,) a+b+b 6

} after decomposition

} after decomposition

a
or —=4.

b
The molar ratio of HCOOH and H,C,0,=4 : 1.

PROBLEMS

(Answers bracketed with questions)

. Calculate the volume of CO, produced by the combustion of 40 mL of acetone in

the presence of excess of oxygen. (120 mL)

. What volume of air will be required to oxidise 210 mL of sulphur dioxide to

sulphur trioxide, if the air contains 21% of oxygen? (500 mL)

. What volume of CO, is obtained in the combustion of 2 litres of butane?

(8 litres)

. If a mixture containing 12 litres of hydrogen and 11-2 litres of chlorine is exploded

in an eudiometer tube, what will be the composition of the resulting mixture by
volume? (HCl =224 litres, H, = 0-8 litre)

. What volume of oxygen is required for complete combustion of 2:2 g of propane

at NTP? (5-6 litres)

. 500 mL of a hydrocarbon gas, burnt in excess of oxygen, yields 2500 mL of CO,

and 3 litres of water vapour, all volumes being measured at the same temperature
and pressure. What is the formula of the hydrocarbon? (CH,,)
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When 0-02 litre of a mixture of hydrogen and oxygen was exploded, 0-003 litre
of oxygen remained. Calculate the initial composition of the mixture in per cent
by volume. (O, : 44-0%; H, : 56%)

. 12 mL of a gaseous hydrocarbon was exploded with 50 mL of oxygen. The volume

measured after explosion was 32 mL. After treatment with KOH the volume
diminished to 8 mL. Determine the formula of the hydrocarbon. (C,Hy)

. 15 mL of a gaseous hydrocarbon was required for complete combustion in 357 mL

of air (21% of oxygen by volume) and the gaseous products occupied 327 mL
(all volumes being measured at NTP). What is the formula of the hydrocarbon?

(CHy)

090 g of a solid organic compound (molecular weight = 90) containing C, H and
O was heated with oxygen corresponding to a volume of 224 mL at STP. After the
combustion the total volume of the gases was 560 mL at STP. On treatment with
KOH the volume decreased to 112 mL. Determine the molecular formula of the
compound. (C,H,0,)

The explosion of a mixture consisting of one volume of a gas being studied and
one volume of H, yielded one volume of water vapour and one volume of N,, the
volumes being measured under identical conditions. Find the formula of the gas
being studied. (N,O)

5 mL of a gas containing C and H was mixed with an excess of oxygen (30 mL)
and the mixture exploded by means of an electric spark. After the explosion the
volume of the mixed gases remaining was 25 mL. On adding a concentrated
solution of KOH, the volume further diminished to 15 mL, the residual gas being
pure oxygen. All volumes have been reduced to NTP. Calculate the molecular
formula of the hydrocarbon gas. (C,H,)

40 mL of ammonia gas taken in an eudiometer tube was subjected to sparks till
the volume did not change any further. The volume was found to increase by 40
mL. 40 mL of oxygen was then mixed and the mixture was further exploded. The
gases remained were 30 mL. Deduce the formula of ammonia. (NH3)

20 mL of a gas containing H and S was heated with tin. When the reaction was
over, there was no change in volume. The residual gas was hydrogen. If the
molecular weight of the gas is 34, calculate the molecular formula. (H,S)

When a certain quantity of oxygen was ozonised in a suitable apparatus, the
volume decreased by 4 mL. On addition of turpentine the volume further
decreased by 8 mL. All volumes were measured at the same temperature and

pressure. From these data, establish the formula of ozone. O,)
1 litre of a sample of ozonised oxygen weighs 1.5 g at 0°C and one atm pressure.
100 mL of this sample reduced to 90 mL when treated with turpentine under the
same conditions. Find the molecular weight of ozone. (48)
280 mL of sulphur vapour at NTP weighs 3-2 g. Determine the molecular formula
of the sulphur vapour. (Sg)
1 litre of oxygen and 1 litre of hydrogen are taken in a vessel of 2-litre capacity

at NTP. The gases are made to combine by applying electric sparks. Assume that
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water is formed quantitatively. How many grams of water are formed? What is

the other component present in the vessel and in what weight? If the vessel is

now heated to 100°C, what will be the pressure inside the vessel in mmHg?
(0-8036 g; O,; 0-7143¢g; 778 mm)

20 mL of a mixture of C,H, and CO was exploded with 30 mL of oxygen. The
gases after the reaction had a volume of 34 mL. On treatment with KOH, 8 mL
of oxygen remained. Calculate the composition of the mixture.

(C,H,: 6 mL; CO : 14 mL)

On passing 25 mL of a gaseous mixture of N, and NO over heated copper, 20 mL
of the gas remained. Calculate the percentage of each in the mixture.
(N, : 60%; NO : 40%)

40 mL of a mixture of hydrogen, CH, and N, was exploded with 10 mL of oxygen.
On cooling, the gases occupied 36-5 mL. After treatment with KOH, the volume
reduced by 3 mL and again on treatment with alkaline pyrogallol, the volume
further decreased by 1-5 mL. Determine the composition of the mixture.

(H, : 12:50%; CH, : 7-50%; N, : 80%)

What volume of air is needed for the combustion of 1 metre’ of a gas having the
following composition in percentage volume:

50% of H, , 35% of CH, , 8% of CO, 2% of C,H, and 5% of noncombustible
admixture? The air contains 21% (by volume) of oxygen. (5 cubic metre)

38 mL of a mixture of CO and H, was exploded with 31 mL of O,. The volume
after the explosion was 29 mL which reduced to 12 mL when shaken with KOH.
Find the percentage of CO and H, in the mixture. (CO =447% ; H, =55-3%)

A mixture of CH, and C,H, occupied a certain volume at a total pressure of 63 mm.
The sample was burnt to CO, and H,O and the CO, alone was collected and its
pressure was found to be 69 mm in the same volume and at the same temperature
as the original mixture. What fraction of the mixture was methane? (0-90)

A mixture of 20 mL of CO, CH, and N, was burnt in an excess of oxygen, resulting
in reduction of 13 mL of volume. The residual gas was treated with KOH solution
when there was a further reduction of 14 mL in volume. Calculate the volumes
of CO and CH, in the given mixture. (10 mL, 4 mL)

A mixture of oxygen and hydrogen is analysed by passing it over hot copper oxide
and through a drying tube. Hydrogen reduces the CuO according to the equation,
CuO +H, — Cu+H,0O; oxygen then oxidises the copper formed:

Cu +30, = CuO
100 cm” of the mixture measured at 25°C and 750 mm yields 84-5 cm’ of dry oxygen
measured at 25°C and 750 mm after passing over CuO and a drying agent. What
is the mole per cent of H, in the mixture? (10-3%)
[Hint: CuO+H, - Cu+H0;Cu+30, - CuO
x x x xR

If x is moles of H, or vol. of H, in the mixture, 100—[x+§]z84-5.}
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When a mixture consisting of 10 moles of SO, and 15 moles of O, was passed

over a catalyst, 8 moles of SO, was formed. How many moles of SO, and O, did

not enter into the reaction? SO, : 2 moles
{OZ: 11 moles }

When 100 mL of an O,-O; mixture was passed through turpentine, there was
reduction of volume by 20 mL. If 100 mL of such a mixture is heated, what will
be the increase in volume? (10 mL)

[Hint: O, is absorbed by turpentine.]

One volume of a compound of carbon, hydrogen and oxygen was exploded with
2.5 volumes of oxygen. The resultant mixture contained 2 volumes of water vapour
and 2 volumes of carbon dioxide. All volumes were measured in identical
conditions. Determine the formula of the compound. (C,H,0)

522 x 107" mole of a gas containing H,, O,and N, exerted a pressure of 67-4 mm
in a certain standard volume. The gas was passed over a hot platinum filament
which combined H, and O, into H,O which was frozen out. When the gas was
returned to the same volume, the pressure was 14-3 mm. Extra oxygen was added
to increase the pressure to 44-3 mm. The combustion was repeated, after which
the pressure read 329 mm. What was the mole fraction of H,, O, and N, in the
gas sample? (0-638, 0-262, 0-1)
[Hint: 2 volumes of H, combine with 1 vol. of O,. In the first combustion H, is in
excess, while in the second one, O, is in excess.]

31. At 300 K and 1 atm, 15 mL of gaseous hydrocarbon requires 375 mL air containing

20% O, by volume for complete combustion. After combustion, the gases occupy

345 mL. Assuming that water formed is in liquid form and the volumes were
measured at the same temperatrue and pressure, the formula of the hydrocarbon is

(a) C,H; (b) C,Hy (c) C,H,, (d) C,H,
[Hint: Vol. of O,=75 mL, vol. of air = 300 mL and vol. of CO,=45mL. Apply
POAC for C, H and O atoms.]

Q



CHAPTER FOUR
ATOMIC WEIGHT

The atomic weight of an element is defined as the average weight of the atoms
of the element relative to a carbon atom, taken as exactly 12. Atomic weight
in grams is, in fact, the weight of one mole of atoms, e.g., the atomic weight of
oxygen is 16 and so 16 grams is the weight of 1 mole of oxygen atoms.
Mathematically,

weight of atoms in grams

atomic weight = .
& number of moles of atoms

Atomic weight is measured in atomic mass unit (amu). Atomic mass unit
is defined as % of the mass of the °C isotope (1 amu = 1-66 X 107 g). One
amu is also called one dalton.

We shall see here how the mole method can be applied in solving the
problems on atomic weight by on different methods, viz., from Dulong and
Petit’s law, vapour density of chloride of the elements, law of isomorphism,
Cannizzaro’s method, etc.

EXAMPLES

Ex. 1. A sample of pure Ca metal weighing 1-35 grams was quantitatively converted
to 1-88 grams of pure CaO. What is the atomic weight of Ca? (O = 16)

Solution : From the formula of CaO,

we know, moles of Ca = moles of O

weight of Ca weight of O
atomic wt. of Ca _ atomic wt. of O (Rule 2, Chapter 1)
1-35 1-88-1-35
at. wt. of Ca 16 .

Atomic weight of Ca =40.75.

Ex. 2. A compound contains 28% of nitrogen and 72% of a metal by weight. 3 atoms
of the metal combine with 2 atoms of nitrogen. Find the atomic weight of the
metal. (N = 14)

Solution : The formula of the compound is M3N, (M representing the metal)

2 xmoles of M =3 xmoles of N. (Rule 6, Chapter 1)
Now if the weight of the compound is 1 gram

then weight of M =0-72 g and weight of N=0-28 g.

72
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072 0%

2 X =3 X
atomic weight of M 14

Atomic weight of the metal =

Ex. 3. 100 g of EuCl, is treated with excess of aqueous AgNO; and all the chlorine
is recovered as 1-29 g of AgCl. Calculate the atomic weight of Eu. (Cl =355,
Ag =108)

Solution : EuCl, + AgNO; — AgCl
lg 129¢
Since Cl atoms are conserved, applying POAC for CI atoms,
moles of Cl in EuCl, =moles of Cl in AgCl
2 xmoles of EuCl,=1xmoles of AgCl
y 1 1w 129
(x+35:5x2) (108 + 35-5)
(where x = atomic weight of Eu)
x =152-48.

Ex. 4. Two elements A (at. wt.=75) and B (at. wt. = 16) combine to give a
compound having 75-8% of A. What is the formula of the compound?

Solution : 100 g of the compound should contain 75-8 g of A and 24-2 g of B.
Moles of A = weight of A 758 -1

atomic wt. of A~ 75 ~
Moles of B = weight of B 242 15

atomic wt. of B~ 16

(Rule 2, Chapter 1)

Thus, molar ratio of A and B in whole numbers is 2 : 3, and the formula
is, therefore, A,B;.

From Cannizzaro’s Method

Ex. 5. The following data were obtained from the analysis of five volatile phosphorous
compounds. The percentages of phosphorous in these compounds having the
molecular weights 222, 154, 140, 300 and 126 are respectively 27-9%, 20-2%,
22:5%, 43-7% and 24-6%. Calculate the atomic weight of phosphorous (to the
nearest whole number).

Solution : The smallest weight of an element present in 1 mole of its various
compounds gives either the atomic weight of the element or a simple
multiple of the atomic weight.

(i) Weight of P in 1 mole (222 g) = % X222 =61-94.

(ii) Weight of P in 1 mole (154 g) = 202 200 % 154 = 31.08.
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(iii) Weight of P in 1 mole (140 g) = zlzTg x 140 = 31-50.

(iv) Weight of P in 1 mole (300 g) = 13% x 300 = 131-10.

4.
(v) Weight of P in 1 mole (126 g) = Wg %126 =30-99.

The smallest weight of P being 31 (to the nearest whole number) may be
its atomic weight.

From Dulong and Petit’s Law

Ex. 6. 7-38 g of a sample of a metal oxide is quantitatively reduced to 6-84 g of

pure metal. If the specific heat of the metal is 0-0332 cal/g, calculate the valency
and the accurate atomic weight of the metal.

Solution : Let the formula of the oxide be M,0, , where x is the valency of

Ex.

the metal M. We have, therefore,
x X moles of M =2 xmoles of O. (Rule 6, Chapter 1) (D)

We know that, atomic weight x specific heat = 6-4
(Dulong and Petit’s law)

imate atomi ight = =193
approximate atomic weig 0:0332
6-84 (7-38 — 6-84)
From eqn. (1), x X 193 = 2 % v — (Rule 2, Chapter 1)
or x=19.

But valency is always a whole number and so the valency of the metal
is 2. Now, to calculate the accurate value of the atomic weight of the
metal, substitute the value of x as 2 in equation (1) again,
6-84 (7-38 — 6- 84)
=2x
atomic wt. 16

or

Atomic weight (accurate) = 202-67.

7. On dissolving 2-0 g of a metal in sulphuric acid, 4-51 grams of the metal
sulphate was formed. The specific heat of the metal is 0-057 cal/g. What is the
valency of the metal and its exact atomic weight?

Solution : Let the formula of the metal sulphate be M,(SO,), (x being the

valency of the metal M)
: x xmoles of M =2 xmoles of SO

wt. of M _ _ wt. of sulphate ion 1)
or atomic weight of M~ ionic wt. of SO?~ o
xxL—ZXL'Sl =2),

112 96
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x=2-85=3.

t. wt. of M= ——=112 .
at. wt. o 0057 (approx )}

The valency is, therefore, 3.
Now, substitute the valency of x as 3 in eqn. (1) again to calculate the
accurate value of the atomic weight of the metal.
% .2 5 (4~51—2)'
atomic weight 96

Accurate atomic weight = 114.7.

From Vapour Density of the Chloride of the Element

Ex. 8. 1:00 g of a chloride of an element contains 0-835 g of chlorine. If the vapour
density of the chloride is 85, find the atomic weight of the element and its
valency.

Solution : Let the formula of the chloride be MCl,, where x is the valency
of the element M.

x x moles of M =1 x moles of Cl (Rule 6, Chapter 1)
1-0835 0-835

o Gt wtofM 355 - ()
Now, we know,
molecular weight = 2 X vapour density
=2 x 85=170.

For MCl,,
mol. wt. of MCl, =at. wt. of M+ x xat. wt. of Cl
or 170 = at. wt. of M + 355 x.

at. wt.of M =170 -35-5x
or :170—at. wt.of M e

355
From (1) and (2), we get, at. wt. of M = 28.05.
Substituting at. wt. of M in the eqn. (1) we get, x =4.

Ex. 9. The percentage of chlorine in the chloride of an element is 44-71%. 158:5 g
of this chloride on vaporisation occupies a volume of 22-4 litres at NTP. Calculate
the atomic weight and valency of the element.

Solution : Since 22-4 litres are occupied by 1 mole at NTP and wt. of 1 mole
is the mol. wt. in grams,
". mol. wt. of chloride =158-5.
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Let the formula of the chloride be MCL,, where x is the valency of the

element M.
x x moles of M =1 x moles of Cl
or o wt. of M _1x wt. of Cl . 1)
at. wt. of M at. wt. of Cl .

Now, mol. wt. of MCl, = at. wt. of M + 35-5x
=158-5.

- at. wt. of M =158-5-355 x.
Again, if the wt. of the chloride is 1 g,

wt. of C1 =0-4471 g.
- wt.of M=1-0-4471=0-5529 g.
Equation (1) becomes,

rx 0-5529 _ 0-4471

158-5-35-5x 355
x=1996=2.

valency = 2.

From Law of Isomorphism

Ex. 10. The equivalent weight of an element is 13-16. It forms a salt, isomorphous
with Ky,SO,. Deduce the atomic weight of the element.

Solution : Isomorphous substances have the same formula as they have the
same number of atoms similarly arranged, e.g., in this problem the salt
of the element X (say) will have the formula X,SO, of the type of
K;SO, . The element X will have, therefore, the valency equal to that of
K, ie., 1.

Atomic weight = equivalent weight x valency
=1316 x1=13-16.

Ex. 11. Cu,S and Ag,S are isomorphous in which percentages of sulphur are

20-14% and 12:94% respectively. Calculate the atomic weight of silver.
(Cu = 635)

Solution : Suppose the atomic weight of S and Ag are x and y respectively.
Now, for Cu,S,

1 xmoles of Cu=2xmoles of S (Rule 6, Chapter 1)
o 1 07986 02014 )
635 x

(1 g of Cu,S contains 0-7986 g and 0-2014 g of Cu and S respectively)
And, for Ag.S,
1xmoles of Ag=2xmoles of S
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y 0-8706 Cox 0-1294 e
y X

(1 g of Ag,S contains 0-8706 g and 0-1294 g of Ag and S respectively)

1

From eqns. (1) and (2), we get,
y =107-7.
*. atomic weight of silver is 107-70.

Ex. 12. 408 g of a mixture of BaO and an unknown carbonate MCO; was heated
strongly. The residue weighed 3-64 g. This was dissolved in 100 mL of N HCL
The excess acid required 16 mL of 2:5 N NaOH solution for complete
neutralisation. Identify the metal M.

(See Example 54, Chapter 7)

Ex. 13. 2:180 g of a sample contains a mixture of XO and X,O, which are completely
oxidised to XO, by 0-015 mole of K,Cr,O,. Calculate the atomic weight of
X if 0-0187 mole of XO, is formed.

Solution : Let the atomic weight of X be A.

X0 — XO;
+2 +7
" equivalent weight of XO = mﬁ%
A+16
==
2A +48

X,0; = 2XO, .. eq. wt. of X,05=
+6 +14

8

K,Cr,0, — 2Cr3*
+12 +6
. no. of eq. of K,Cr,O, = no. of moles of K,Cr,0, X change in ON
=0-015x 6 =0-09.
As both XO and X,0; are oxidised to XO, by K,Cr,O,
eq. of XO + eq. of X,0; = eq. of K,Cr,0,
wt. of XO . wt. of X,05
eq. wt. of XO  eq. wt. of X,0O;
Let the weight of XO be x grams.
X N 218 —x
(A+16)/5 (2A+48)/8

= eq. of K,Cr,0O,

= 0-09. . (1)
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Further,
XO+X,0;3 — XO4
Applying POAC for X atoms,
moles of X in XO + moles of X in X,0; = moles of X in XO,.
1 x moles of XO + 2 x moles of X,0; =1 x moles of XO,
or " 116 + 2(22;?1 J 8x ) 0.0187. (2
On solving eqns. (1) and (2), we get
A=99.
atomic weight of X is 99.

14. Two elements P and Q form the compounds P,Q, and PQ, . If 0-15 mole
of P,Q; weighs 159 g and 0-15 mole of PQ, weighs 9-3 g, find the atomic
weights of P and Q.

Solution : Molecular weight of P,Q; = wt. of 1 mole

Ex.

159 x1
= =106.
015
Molecular weight of PQ, = wt. of 1 mole = 95;1 =62.

Suppose that the atomic weights of P and Q are respectively x and y.
Thus,
2x + 3y = 106 (P,Q, =106)

and X + 2y = 62. (PQ,=62)
On solving: x = 26
y =18

15. A compound which contains one atom of X and two atoms of Y for each
three atoms of Z. is made by mixing 500 g of X, 1-15x 10% atoms of Y and
0-03 mole of Z atoms. Given that only 4-40 g of the compound is formed.
Calculate the atomic weight of Y if the atomic weights of X and Z are 60 and
80 amu respectively.

Solution : Moles of X = 6_50 =0-08 mole. (Rule 2, Chapter 1)
115 10%
Moles of Y =m =0-19 mole (Rule 4, Chapter 1)

Moles of Z =0-03 mole.
Since the formula of the compound is XY,Z;,
moles of X : moles of Y : moles of Z=1:2:3=0-01:0-02:0-03.



Atomic Weight 79

Comparing these values with the moles of X, Y and Z calculated above,
we find that moles of X and Y are in excess and therefore, moles of X
and Y associated with 0-03 mole of Z are 0-01 and 0-02 mole respectively.
Now,

wt. of Z + wt. of Y + wt. of Z = wt. of XY,Z,

or 0-01x60+002xat. wt. of Y+003x80=44 (Rule 2, Chapter 1)
. at. wt. of Y=70 amu.

PROBLEMS

(Answers bracketed with questions)

1. 1.5276 grams of CdCl, was found to contain 0-9367 gram of Cd. Calculate the
atomic weight of Cd. (112-4 amu)

2. In air, element X is oxidised to compound XO, . If 1.0 gram of X reacts with
0-696 g of oxygen, what is the atomic weight of X? (46 amu)

3. When BaBr, is heated in a stream of chlorine, it is completely converted to BaCl, .
From 1.50 g of BaBr,, just 105 g of BaCl, is obtained. Calculate the atomic weight
of Ba from this data. (137-5)

4. Naturally occurring boron consists of two isotopes whose atomic weights are
10-01 and 11-01. The atomic weight of natural boron is 10-81. Calculate the
percentage of each isotope in natural boron. (20%; 80%)

5. In an experiment pure carbon monoxide was passed over red hot copper oxide.
CO, , so produced, weighed 0-88 g and the weight of copper oxide was reduced
by 0-3232 g. Calculate the atomic weight of carbon. (12-0)

6. 4-008 g of pure KCIO, was quantitatively decomposed to give 2-438 g of KCI and
oxygen. KCl was dissolved in water and treated with AgNO, solution. The result
was a precipitate of AgCl weighing 4-687 g. Under further treatment, AgCl was
found to contain 3-531 g of Ag. What are the atomic weights of Ag, Cl and K
relative to O = 16? (108-0, 35-5, 39-0)

7. From the following data calculate the atomic weight of carbon.

Compound Vapour density % of C
CcO 14 42-8
Cs, 38 15-8
C,H, 14 857
C.H, 22 814
CH; 39 92:3 (12:0)

8. The vapour density of a volatile chloride of a metal is 74-6. If the specific heat of
the metal is 0-55, calculate the exact atomic weight of the metal and the formula
of its chloride. (72, MCl,)
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A sample of a metal chloride weighing 0-22 g required 0-51 g of AgNO, to
precipitate the chloride completely. The specific heat of the metal is 0-057. Find
the molecular formula of the chloride if the metal is M. (MCL)

A hydrated sulphate of a metal contained 81% of the metal and 43-2% of SO;~

by weight. Assuming the specific heat of the metal to be 0-242, determine the
formula of the hydrated sulphate. [M,(50,);-18 H,0]

0-096 g of stannic chloride gave 25-84 mL of its vapour at 120°C and 350 mm
pressure. If the chloride contains 54-6% of chlorine and tin has the valency equal
to 4, what will be the atomic weight of tin? (118)

A metal forms three volatile chlorides containing 23-6%, 38:2% and 48:3% of
chlorine respectively. The vapour densities of the chlorides (H=1) are
746,929 and 110-6 respectively. The specific heat of the metal is 0-055. Find the
exact atomic weight of the metal and formulae of its chlorides.

(114:9; MCl; MCl,; MCly)

Cu,S and Ag,S are isomorphous. The percentages of sulphur in these compounds
are 20-14% and 12:94% respectively. If the atomic weight of Cu is 63-5, calculate
the atomic weight of Ag. (107-9)

The natural titanium oxide, known as rutile and containing 39-95% of oxygen, is
isomorphous with SnO,, known as cassiterite. Calculate the atomic weight of
titanium. (481)

The atomic weight of sulphur was determined by decomposing 6-2984 g of Na,CO,
with H,S0, and weighing the resultant Na,SO, formed. The weight was found to
be 84380 g. Taking the atomic weights of C, O and Na as 12-011, 15:999 and
22990 respectively, calculate the atomic weight of sulphur. (32:019)

12:5843 grams of a sample of ZrBr, was dissolved and after several chemical steps,
all of the combined bromine was precipitated as AgBr. The silver content of the
AgBr was found to be 13216 g. Calculate the atomic weight of Zr from this
experiment. (Ag = 107-868, Br = 79-904) (91-32)

In a chemical determination of the atomic weight of vanadium, 2-8934 g of pure
VOCI, was allowed to undergo a set of reactions as a result of which all the chlorine
contained in this compound was converted to AgCl which weighed 7-1801 g.
Calculate the atomic weight of vanadium. (Ag=107-868, Cl=35-453) (50:91)

Q



CHAPTER FIVE
MOLECULAR WEIGHT

Molecular weight of a compound is defined as the weight of a molecule of
the compound relative to a carbon atom, the atomic weight of which is
supposed to be exactly 12. The molecular weight when expressed in grams
is called gram molecular weight. The molecular weight in grams is, in fact, the
weight of 1 mole of molecules, e.g., molecular weight of O, is 32 and 32 g is the
weight of 1 mole of oxygen molecules. Mathematically,

weight of molecules in grams

molecular weight = number of moles of molecules

Molecular weight is measured in atomic mass unit (amu). Atomic mass
unit is defined as 1/12 of the mass of the °C isotope (1 amu = 1-66 x 10~* g).
There are various methods to determine the molecular weight of
compounds viz., vapour-density method (e.g., Regnault’s method, Victor
Meyer’s method, Dumas method and Hofmann method),
depression-in-freezing-point method, elevation-in-boiling-point method,
gravimetric method, (silver-salt method of organic acids and platinichloride
method for organic bases), volumetric method, etc. The problems on molecular
weight based on depression-in-freezing-point and elevation-in-boiling-point
methods shall be discussed in Chapter 13 (Dilute Solution and Colligative
Propertries).

The mole method is found to be very useful in tackling the problems on
molecular weight based on the aforesaid methods.

EXAMPLES

Ex. 1. 96-00 g of a gas occupies the same volume as 84 g of nitrogen under similar
conditions of temperature and pressure. Find the molecular weight of the gas.
(N = 14)

Solution : According to Avogadro’s principle, equal volumes of all gases
under identical conditions of temperature and pressure contain equal
numbers of molecules or moles.

number of moles of N, = number of moles of the gas

84 96 {say M =mol. wt. of the gas}

28" M N, =28

M=232. (Rule 1, Chapter 1)
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Ex. 2. 5 litres of a gas weigh 14-4 g at NTP. Calculate its molecular weight.

Solution : Number of moles of the gas = 225—4 . (Rule 3, Chapter 1)
Since the weight of 1 mole in grams is numerically equal to mol. wt.,
224

". molecular weight = 14-4 x =

=64-51.

Ex. 3. It was found that 380 mL of a gas at 27°C and 800 mmHg weighed
0-455 g. Find the molecular weight of the gas.

800 x 380 273

Solution : Volume of the gas at NTP = 300 “7e0 ™
=364 mL.
364
Number of moles of the gas = 22400 " (Rule 3, Chapter 1)
Since weight of 1 mole of the gas is numerically equal to mol. weight,
molecular weight = 0-455 x % =28.

Ex. 4. When 2 g of a gas A’ is introduced into an evacuated flask kept at 25°C,
the pressure is found to be one atmosphere. If 3 g of another gas ‘B’ is then
added to the same flask, the total pressure becomes 1-5 atm. Assuming ideal gas
behaviour, calculate the ratio of the molecular weights, M, : Mg.

Solution : See Example 20, Chapter 12.

Ex. 5. 3-011 x 10% molecules of a gas weigh 14 g. Calculate the molecular weight
of the gas.

] 23
Solution : Number of moles = % =0 (Rule 4, Chapter 1)
-022 x
. 14
. molecular weight= 05" 28. (Rule 1, Chapter 1)

Ex. 6. 100 mL of a 2 M solution contains 11-7 g of a substance. Calculate the
molecular weight of the compound.

Solution : Number of moles of the solute = volume (litre) X molarity
=01x2=02. (Rule 5, Chapter 1)

1
molecular weight = 02 58-5. (Rule 1, Chapter 1)
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Ex. 7. 116 g of Fe;O, has 1-5 moles of Fe. Calculate the molecular weight of Fe;O,
without using atomic weights of Fe and O.

Solution : Since 1 mole of Fe;O, contains 3 moles of Fe,
moles of Fe in Fe;O, =3 X moles of Fe;O,

116 )
mol. wt. of Fe;O,

11
mol. wt. of Fe;O,= % =232.

15=3x (Rule 1, Chapter 1)

Ex. 8. 3-7 g of a gas at 25°C occupied the same volume as 0-184 g of hydrogen at
17°C and at the same pressure. What is the molecular weight of the gas?

Solution : Volume of 3-7 g of the gas at 25°C
= volume of 184 g of H, at 17°C.
Since pressure and volume are same for both the gases,
nRT;=n,RT, (pV = nRT)
or ny Ty =n,T).
Let the molecular weight of the gas be M.
3;]\; %298 = 0'1284
M =4132.

x 290

Density, Vapour Density and Relative Density (or, Sp. Gr.)
mass

volume
mass of 1 mole of vapour

mass of 1 mole of hydrogen
molecular weight

- 2

absolute density
density of pure water at 4°C

Absolute density =

Vapour density =

Relative density =
(or, sp. gravity)
= absolute density
Further,
mass of the vapour per mL at NTP
mass of hydrogen per mL at NTP
_ absolute density (or, sp. gravity or rel. density)
1/11200
Vapour density = specific gravity x 11200. (for gases)
(1 mole of hydrogen, i.e., 2 g at NTP occupies 22400 mL)

vapour density =
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From Vapour-Density Method

Ex. 9. In a Victor Meyer apparatus 0-168 g of a wvolatile compound displaced
49-4 mL of air measured over water at 20°C and 740 mm of pressure. Calculate
the molecular weight of the compound. (Aqueous tension at 20°C = 18 mm)

Solution : Pressure due to dry air only = (740 — 18) mm.

Volume of vapour of 0-168 g of compound at NTP = volume of air
displaced by 0-168 g at NTP
(740 -18) x 49-4 x 273

293 x 760
=43.72 mL.
4372
mole of vapour = 22400 (Rule 3, Chapter 1)
Molecular weight = wt.in grams _ 0-168 x 22400
(Wt. of 1 mole) no. of moles 43.72
= 86-06.

Ex. 10. A Dumas bulb was filled with 0-4524 g of vapour at 136°C and 758 mm
of pressure. Calculate molecular weight of the vapour if the capacity of the bulb
is 127 mL.

758 x 127 x 273
Solution : Volume of vapour at NTIP=———————
409 x 760
=84-57 mL.
84-57
Mole of vapour = 52400 (Rule 3, Chapter 1)
224
molecular weight =0-4524 x 84—;);) (Rule 1, Chapter 1)

=119-8.

Ex. 11. 0-3151 g of a substance when introduced into a Hofmann’s tube generated
1285 mL of vapour at 30°C, the level of Hg inside being 430 mm higher than
outside the tube, and the barometer reading was 758 mm. Calculate the
molecular weight of the substance.

Solution : Pressure of vapour in Hofmann’s tube = (758 — 430) mm = 328 mm.
328 x 1285 x 273

Vol f tNIP =—F7 77— = L.
olume of vapour a 303 % 760 50m
50
Mole of vapour = 52400
Molecular weight = 0-3151 x 2254000

=141-16.
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From Silver-Salt Method (for organic acids)

The salt of the acid is quantitatively reduced to pure silver. The molecular
weight of the salt is first determined from which the molecular weight of the
acid is calculated as given below. The mole method is applied by using POAC
for Ag atoms which remain conserved.

Ex. 12. 0-701 g of the silver salt of a dibasic acid on ignition yielded 0-497 g of
metallic silver. Calculate the molecular weight of the acid. (Ag = 108)

Solution : Suppose the dibasic acid is H,A.
H,A — Ag,A — Ag

salt
0701 g 0-497 g
Since Ag atoms are conserved, applying POAC for Ag atoms in the second

step,
moles of Ag atoms in Ag,A = moles of Ag atoms in the product

2 x moles of Ag,A =moles of Ag
(POAC, page 3, Chapter 1)
y 0-701 0497
mol. wt. of Ag,A ™~ 108
mol. wt. of Ag,A =304-7.

Now since the Ag salt is formed from the dibasic acid by the replacement
of 2 H atoms by 2 Ag atoms,

molecular weight of the acid = molecular weight of Ag,A
-2 x at. wt. of Ag + 2 x at. wt. of H
=3047-216+2
=90-7.

Ex. 13. 0-607 g of a silver salt of a tribasic organic acid was quantitatively reduced
to 0-370 g of pure silver. Calculate the molecular weight of the acid. (Ag = 108)

Solution : Suppose the tribasic acid is H;A.
H;A — Ag:A — Ag
acid salt
0607g 037g
Since Ag atoms are conserved, applying POAC for Ag atoms,
moles of Ag atoms in Ag;A = moles of Ag atoms in the product
3 x moles of Ag;A =moles of Ag in the product
y 0-607 _037
mol. wt. of AgsA 108
mol. wt. of Ag;A =531

(Ag = 108)
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. mol. weight of tribasic acid (H;A)
= mol. wt. of the salt (Ag;A) — 3 X at. wt. of Ag
+3 xat. wt. of H

=531 -324 +3 =210.

From Platinichloride Method (for organic bases)
Organic bases combine with chloroplatinic acid, H,PtCl;, to form insoluble
anhydrous chloroplatinates (platinichlorides), which on ignition leave a
residue of metallic Pt. For a base, say B

formula of its chloroplatinate is B,H,PtCl; — for monoacid base

formula of its chloroplatinate is BH,PtCl; — for diacid base

Molecular weight of the base is determined from the molecular weight
of platinichloride as given below.

Ex. 14. 0-80 g of the chloroplatinate of a monoacid base on ignition gave 0-262 g of
Pt. Calculate the molecular weight of the base. (Pt = 195)

Solution : Suppose the monoacid base is B.
B + H,PtCly — B,H,PtCly — Pt
base acid chloroplatinate
(monoacid) 0-80 g 0-262 g
Since Pt atoms are conserved, applying POAC for Pt atoms,
moles of Pt atoms in B,H,PtCl; = moles of Pt in the product
1x moles of B,H,PtCly = moles of Pt in the product
0-80 _ 0262
mol. wt. of B,H,PtCl, ~ 195
mol. wt. of B,H,PtCl; = 595-4.
Now from the formula B,H,PtCl;, we know
mol. wt. of B,H,PtCl, —mol. wt.of H,PtCl
2

mol. wt. of B=

~ 595-40 - 410-00
- 2
=92.70.

Ex. 15. 0-532 g of the chloroplatinate of a diacid base on ignition left 0-195 g of
residue of Pt. Calculate molecular weight of the base. (Pt = 195)

Solution : Suppose the diacid base is B.

B + H,PtCly, —  BHPtCly — Pt
diacid acid chloroplatinate
base 0532 g 0195 g
Since Pt atoms are conserved, applying POAC for Pt atoms,



Molecular Weight

moles of Pt atoms in BH,PtCl; = moles of Pt atoms in the product

1x moles of BH,PtCl; = moles of Pt in the product

0-532 _ 0195 '
mol. wt. of BH,PtCl; 195
mol. wt. of BH,PtCl, =532.
From the formula BH,PtCl,, we get,
mol. wt. of B = mol. wt. of BH,PtCl; — mol. wt. of H,PtCl,
=532 -410=122.

From Volumetric Method
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Ex. 16. 0-45 g of a dibasic acid required 200 mL of 0-05 N NaOH solution for

neutralisation. Calculate molecular weight of the organic acid.

Solution : (The students are advised to solve this problem after doing

volumetric problems.)

m.e. of NaOH solution = 0-05 x 200 = 10. ... (Eqn. 1, Chapter 7)
. m.e. of 0-45 g of dibasic acid =10. ... (1) ... (Eqn. 2, Chapter 7)

Now eq. of the acid = OEﬁ (E being the eq. wt. of the acid)

... (Eqn. 4, Chapter 7)

m.e. of the acid = % % 1000 ... (Eqn. 3, Chapter 7)
-2 - @
From eqns. (1) and (2), we have,
450
= 10.
E =45.
mol. wt. .
M = eq. weight.

molecular weight =2 x 45 =90.

Ex. 17. A mixture contains NaCl and an unknown chloride MCI.

(i) 1 g of this is dissolved in water. Excess of acidified AgNOjy solution is

added to it. 2-567 g of a white precipitate is formed.

(ii) 1 g of the original mixture is heated to 300°C. Some vapours come out
which are absorbed in acidified AgNO; solution. 1.341 g of a white

precipitate is obtained.
Find the molecular weight of the unknown chloride.

Solution : (See Example 32, Chapter 2)
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Ex. 18. When 2:96 g of mercuric chloride is vaporised in a 1-litre bulb at 680 K,

the pressure is 458 mm. What is the molecular weight and molecular formula
of mercuric chloride vapour? (Hg =200-6)

Solution : Let M be the molecular weight of mercuric chloride.

296
No. of moles of the mercuric chloride vapour = M

Again from the gas equation pV =nRT,

458 X1
pv 760

. of moles =n =22 = )
1O- 0L OIS =1 = R T = 0:0821 x 680

where p =% atm, V = 1 litre, R = 0-0821 lit. atm K 'mol~! and
T =680 K.
458 x1
Hence &27760
! M 00821 x 680
M =274,

Since HgCl, has a molecular weight of (200-6 + 2 x 35-5) = 271-6 which is
nearly equal to the calculated value of 274, HgCl, is the molecular formula
for mercuric chloride.

PROBLEMS

(Answers bracketed with questions)

. What is the volume of 6 g of hydrogen at 1-5 atm and 273°C? (89-6 litres)

. A certain gas occupies 0-418 litre at 27°C and 740 mmHg. (i) What is its volume

at STP? (ii) If the same gas weighs 3-00 g, what is its molecular weight?
(0-3704 litre. 181-4)

. 33:6 cc of phosphorous vapour weighs 0-0625 g at 546°C and 76 cmHg pressure.

What is the molecular weight of phosphorous? How many atoms are there in one
molecule of phosphorous vapour? (125, 4)

4. The mass of a sulphur atom is double that of an oxygen atom. Can we decide on

this basis that the density of sulphur vapour relative to oxygen is two? (No)

5. In a Victor Meyer determination, 0-0926 g of a liquid gave 289 mL of gas collected

over water and measured at 16°C and 753-6 mm pressure. Calculate molecular
weight and vapour density of the substance. (Aq. tension at 16°C = 13-6 mm)
(78, 39)

[Hint: Find weight of 22400 mL (NTP) of the gas.]
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A Dumas bulb of capacity 200 mL weighs 22:567 g at 120°C. Filled with vapour
of a substance at 120°C and 755 mmHg pressure, it weighs 22-8617 g. Find the
molecular weight of the substance. (47-8)

. 0-2704 g of a substance when introduced into a Hofmann tube generated 110 mL

of vapours at 99-6°C and 747 mmHg pressure. The height of mercury inside the
tube was 285-2 mm. Calculate the molecular weight of the substance. (122-6)

. 0-607 g of the silver salt of a tribasic acid on combustion deposited 0-37 g of pure

silver. Calculate the molecular weight of the acid. (210-16)

. 0-304 g of a silver salt of a dibasic acid left 0-216 g of silver on ignition. Calculate

its molecular weight. (90)

0-66 g of platinichloride of a monoacid base left 0-150 g of platinum. Calculate its
molecular weight. (Pt = 195) (221)

The chloroplatinate of a diacid base contains 39% platinum. What is the molecular
weight of the base? (Pt=195) (90)

A solution containing 3-00 g of a monobasic organic acid was just neutralised by
40 mL of 0-5 N NaOH solution. Calculate the molecular weight of the acid. (150)

N
0-366 g of an organic base required 15 mL of 5 HCI for exact neutralisation. If
the molecular weight of the base is 122, find its acidity. 1)

Q



CHAPTER SIX
CHEMICAL EQUIVALENCE

Significance of Equivalent Weight

An equivalent of a substance is defined as the amount of it which combines
with 1 mole of hydrogen atoms or replaces the same number of hydrogen
atoms in a chemical reaction. The weight in grams of 1 equivalent is called
the equivalent weight in grams. For example, in the compounds HBr, H,O
and NH;; one mole of H combines with one mole of Br, 2 mole of O and
14 mole of N respectively. Hence the equivalent weights in grams of Br, O
and N are the weights of 1 mole of Br, 12 mole of O, /5 mole of N respectively.
In other words, 1 mole each of Br, O and N contains their 1 equivalent,
2 equivalents and 3 equivalents respectively.

Thus:  eq. wt. of Br =1x79-9=79-9

1
eq. wt. of O =§><16=8~0

eq. wt. of N= % x 14 = 4-67

(Atomic weights of Br, O and N are 79-9, 16 and 14 respectively.)

To determine the equivalent weight of an element, it is not necessary to
proceed from its hydrogen compound only. Equivalent weight of an element
can be calculated using the composition of the compound of the given element
with any other element, whose equivalent weight is known by the knowledge
of the Law of Equivalence. The law states that one equivalent of an element
combines with one equivalent of the other. Accordingly, the equivalent weight
of an element is the weight of its mole combining with one equivalent of
another element. It can be further illustrated by the following example:

The equivalent weight of Al in Al,O; can be calculated if it is known that
1 mole of O contains 2 equivalents of it. From the composition of Al,O;, we
write, 3 moles of O combine with 2 moles of Al, or 6 equivalents of O combine
with 2 moles of Al or 1 equivalent of O combines with %3 mole of Al

". equivalent weight of Al = %X 27=9
(at. wt. of Al = wt. of 1 mole of Al =27)

An element can have more than one value of equivalent weight, e.g., the
equivalent weights of Fe in FeO and Fe,O; are 56/2 and 56/3 respectively.

The equivalent weight (in grams) of a compound taking part in a reaction
is the weight of the compound which combines with 1 equivalent of another

90
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compound. Thus knowing that 1 mole of HCl is equal to 1 equivalent of it,
equivalent weight of Na,COj; can be calculated from the following equation.

Na,CO; + 2HCl — 2NaCl + CO, + H,0
2 moles of HCI combine with one mole of Na,CO,

or 2 equivalents of HCl combine with 1 mole of Na,CO;

1
. 1 equivalent of HCl combines with ) mole of Na,CO;.

1
- eq. wt. of Na,CO; = DRe 106 = 53.

(mol. wt. of Na,CO; = wt. of 1 mole = 106)
But if the reaction takes place as:
Na,CO; + HCl — NaHCO; + NaCl
1 equivalent of HCI combines with 1 mole of Na,CO;.
eq. wt. of Na,CO;=1x106=106.
Thus a compound may have different values of equivalent weights.
To calculate the equivalent weight of any substance taking part in a
reaction we generally use the following expression of the law of
equivalence. For a reaction
aA +bB — mM+nN,
eq. of A =eq. of B=eq. of M =eq. of N L@
wt. of A wt. of B wt. of M wt. of N
Eq Eg Ey Ey 7
where E stands for equivalent weight.
In an acid-base neutralisation reaction the equivalent weight (in grams)
of an acid is that portion of the weight of 1 mole of the acid which can furnish

1 mole of HY, and the equivalent weight of a base is the portion of weight of
one mole of the base which can furnish 1 mole of OH ~ or accept 1 mole of
H ™. The equivalent weights of HCl, H,SO, and H,PO, are therefore 36-5, 98/2
and 98/3 respectively and the equivalent weights of NaOH and Ca(OH), are
40 and 74/2 respectively. One equivalent of an acid just reacts with one
equivalent of any base.

The law of equivalence allows us to derive the following formulae for
calculating equivalent weights of compounds.
mol. wt. of acid (i.e., wt. of 1 mole)
basicity of acid (mole of H* furnished)
mol. wt. of base

For bases: E=—— - - ... (3)
acidity of base (moles of OH ™ furnished

or moles of H " accepted)

For acids: E=

)
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For salts:
mol. wt. of salt

= 5 - - .41
moles of H equivalent to total no. of cations or anions @9
3 mol. wt. of salt .. (4
moles of metal atoms x valency of metal
l. wt. of oxid
For oxides: E= Mo, W of oxide
moles of element atoms x valency of element
- (5

However, the equivalent weight of a compound taking part in a reaction
should be determined from the chemical equation, as equivalent weight of a
compound depends on the stoichiometry of the reaction.

In redox reactions, the equivalent weight (in grams) of an oxidising or a reducing
agent is the portion of the weight of 1 mole of substance that picks up or releases

1 mole of electrons respectively, e.g.,, when MnO, is reduced to Mn?*, the
+7

oxidation number changes by 5 (i.e., from +7 to +2), the equivalent weight
(in grams) of MnOj is thus 1/5 of the weight of 1 mole (molecular weight)
since 5 moles of electrons are needed for the reduction of 1 mole of MnO,.
When Fe?* is oxidised to Fe®*, the number of electrons required is 1 mole

and so the equivalent weight of Fe?* or Fe®" is the same as its ionic weight.
Thus for oxidising or reducing agents we can write:

B mol. weight of oxidising or reducing agent
" change in oxd. no. per mole of the oxidising or reducing agent

... (6)
The oxidation number of ions taking part in the precipitation reaction
does not change. For such ions the equivalent weight is the weight of 1 mole
of ions (i.e., ionic weight) per mole of the charge on it, e.g.,
56
EFe2+ = ? =28

Epe+= 53—6 =1867

96
Eso4_=7=48.

Again for electrolytes, i.e., a substance undergoing complete ionisation,

E(electrolyte) = Ecations * Eanions - e (7)

The equations (1 to 7) are useful in solving problems based on volumetric
analysis.

In this chapter we shall solve problems on equivalent weight using the
concept of the law of equivalence.
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EXAMPLES

Ex. 1. If W, and W, are the weights of two reactants in any reaction, having
their equivalent weights E, and E, respectively, which of the following equations
represents the law of equivalence correctly?

(a) WE, = W,E, (b) WiE, = W,E, () W,W, = EE,

Solution : The answer is (b), because number of equivalents
=W,/E;=W,/E,.

Ex. 2. 12 g of an element combines with 32 g of oxygen. What is the equivalent
weight of the element if the equivalent weight of oxygen is 82
Solution : Suppose the element is M.
No. of eq. of M = no. of eq. of O
wt. of M wt. of oxygen

EM EO
12 _32
Eyv 8
12x 8
EM:3—2:3'

Ex. 3. What are the equivalent volumes of hydrogen, oxygen and nitrogen?

Solution : Equivalent volume is the volume occupied by one equivalent of
any gas at NTP.

We know, 1 mole of molecules of any gas at NTP occupies 22-4 litres and
1 mole of atoms of any diatomic gas at NTP occupies 11-2 litres.

Now,
1 mole of H contains 1 equivalent of H,

1 mole of O contains 2 equivalents of O,

1 mole of N contains 3 equivalents of N.
Thus at NTP,

1 equivalent of H occupies 11-2 litres,

11-2
1 equivalent of O occupies - = 5-6litres,

11-2
1 equivalent of N occupies = = 3.73 litres.

Ex. 4. How many molecules are present in 1 equivalent each of hydrogen, oxygen
and nitrogen?

Solution : 1 equivalent of H contains 1 mole of H.

1 equivalent of H contains 1/2 mole of H.,.
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6:022 x 10%

1 equivalent of H contains 5

H, molecules.
... (Rule 4, Chapter 1)

1
1 equivalent of O contains ) mole of O.

1 equivalent of O contains i mole of O,.

6022 x 10%

1 equivalent of O contains T

O, molecules.
... (Rule 4, Chapter 1)

1
1 equivalent of N contains 3 mole of N.

1
1 equivalent of N contains 5 mole of N,.

6:022 x 10%

3 N, molecules.

... (Rule 4, Chapter 1)

1 equivalent of N contains

Ex. 5. If 05 equivalent of H,C,O, undergoes complete dissociation, what will be
the number of equivalents of H" and C,O2~ ions?

Solution : Equivalents of H" = equivalents of C,0}~
=eq. of H,C,0,=0-5. ... (Eqn. 1)

Ex. 6. Calculate the number of equivalents in 1 mole of oxygen molecules.

Solution : We know, 1 mole of O, at NTP occupies 22-4 litres and 1 equivalent
of oxygen at NTP occupies 56 litres.

22-4
no. of equivalents of oxygen = 56 - 4.

Ex. 7. The two acids H,5O, and H;PO, are neutralised separately by the same
amount of an alkali when sulphate and dihydrogen orthophosphate are formed

respectively. Find the ratio of the masses of H,SO, and H;PO,.
Solution : H,SO, — 2H' + SO}~
H,PO, —» H" + H,PO;
The basicity of H,SO, is 2 and that of H;PO, is 1.
Eq. of alkali = eq. of H,SO, = eq. of H;PO,.
wt. of H,SO, wt. of H3PO,
eq.wt. of H,5SO, eq. wt. of H;PO,

9 _1
98 2

wt. of H,SO,/wt. of H;PO, =
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Ex. 8. Find the equivalent weight of H3PO, in the reaction
Ca(OH), + H,PO, = CaHPO, + 2H,0

Solution : Since 1 mole of H;PO, replaces 2 moles of HY,
mol. weight 9§

3 5 49.

equivalent weight of H;PO, =
Ex. 9. Equivalent weight of sulphur in SCl, is 16, what is the equivalent weight
of Sin S,Cl,? (S =32, Cl = 355)
Solution : From the data we conclude that 1 mole of S contains 2 equivalents
as the weight of 1 mole is 32 and that of 1 equivalent is 16. In SCl,,
1 mole of S combines with 2 moles of Cl
or 2 equivalents of S combine with 2 moles of Cl.
1 equivalent of S combines with 1 mole of Cl.
equivalent weight of Cl=1 x 35:5=35-5. ... (Eqn. 1)
Thus for Cl, 1 mole = 1 equivalent.
Now, in S,Cl,,
2 moles of Cl combine with 2 moles of S
or 2 equivalent of Cl combine with 2 moles of S
1 equivalent of Cl combines with 1 mole of S
equivalent weight of S = 1 x 32 = 32. ... (Eqn. 1)

Ex. 10. The equivalent weight of a metal is double that of oxygen. How many times
is the weight of its oxide greater than the weight of the metal?

Solution : Equivalent of metal = equivalent of oxygen.
weight of metal weight of oxygen

eq. wt. of metal - eq. wt. of oxygen
wt. of oxygen eq. wt. of oxygen

wt. of metal ~ eq. wt. of metal
1
=5 (given).
weight of oxygen

=1-5.

3
+1= +1_2

1
weight of metal 2
weight of oxygen + weight of metal .

weight of metal
weight of oxide

weight of metal L

Ex. 11. 160 g of Ca and 260 g of Zn when treated with an acid in excess
separately, produced the same amount of hydrogen. If the equivalent weight of
Zn is 32:6, what is the equivalent weight of Ca?
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Solution : Since Ca and Zn produce the same amount of hydrogen with an
acid separately,

equivalent of Ca = equivalent of Zn = equivalent of hydrogen.
1-60 _ 260
eq. wt. of Ca 326
". equivalent weight of Ca = 20.

Ex. 12. One gram of an alloy of Al and Mg when treated with excess of dilute
HCl forms MgCl,, AlCl; and hydrogen. The evolved hydrogen collected over

Hg at 0°C has a volume of 1-20 litres at 0-92 atm pressure. Calculate the
composition of the alloy. (Al = 27, Mg = 24)

12092 o 273
273 1
pVi paVa
T, T,
=1-104 litres.
Since both Al and Mg produce 1-104 litres of H,,
equivalent of Al + equivalent of Mg
= equivalent of hydrogen.

weight of Al  weight of Mg
eq. wt. of Al * eq. wt. of Mg

Solution : Volume of H, produced at NTP =

=eq. of hydrogen

volume of hydrogen (NTP)

- equivalent volume of hydrogen
Let the weight of Al be x g.
X 1-x 1104 )

@R

[EAF

Eyg=

2773 242" 112

MR

x=0-55
(1 -x)=0+45.
Thus, weight of Al1=0-55 g
and weight of Mg =045 g.
[Note: See the mole method in Chapter 2, Ex. 18]

Ex. 13. 0-376 g of aluminium reacted with an acid to displace 0-468 litre of hydrogen
at NTP. Find the equivalent volume of hydrogen if the equivalent weight of Al
is 9.
Solution : Equivalent of Al = equivalent of hydrogen.
weight of Al volume of hydrogen at NTP
eq. weight of Al equivalent volume of hydrogen
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0376  0-468
9 " V(litre)
V =112 litres.

Ex. 14. One litre of oxygen at NTP weighs 1-46 g. How many litres of oxygen are
needed for the combustion of 21-0 g of Mg whose equivalent weight is % mole?

Solution : The volume occupied by 1 equivalent at NTP is equivalent volume.
equivalent volume of oxygen
= volume of 80 g of oxygen at NTP (eq. wt. of O = 8)

= 15416 =5-48 litres. (1.46 g oxygen contains 1 L at NTP)

Given that the equivalent weight of Mg = % x24=12.

(wt. of 1 mole of Mg = 24 g)
Now, in the combustion,
equivalent of Mg = equivalent of oxygen.
weight of Mg~ volume of oxygen at NTP

eq. weight of Mg~ eq. volume of oxygen
21 volume of oxygen
12 548 '

volume of oxygen=9-59 litres.

Ex. 15. Dry hydrogen was passed over 1-58 g of red hot copper oxide till all of it
completely reduced to 126 g of copper (Cu). If in this process 0-36 g of
H,O is formed, what will be the equivalent weight of Cu and O? H=1)

Solution : Copper oxide+H, — Cu+H,0O
equivalent of copper oxide = equivalent of Cu
= equivalent of H,O.
weight of copper oxide weight of Cu
eq. weight of copper oxide - eq. wt. of Cu
weight of H,O
- eq. wt. of H,O'

Suppose eq. wt. of Cu and O are x and y respectively and since,
eq. wt. of H is 1, we have,

equivalent weight of copper oxide = x +y

equivalent weight of copper = x

equivalent weight of H,O=1+y (Eyo=En+Eo)
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1.58 126 036
x+y x4y

. x=31-5

and y=8.

Ex. 16. The equivalent weight of chlorine is 35-5 and the equivalent weight of copper
chloride is 99-5. Find the formula of copper chloride if the atomic weight of Cu
is 63-5.

Solution : The equivalent weight of chlorine is given as equal to 35-5 which
is also its atomic weight. The valency of Cl is thus 1.

Equivalent weight of copper
= eq. wt. of copper chloride — eq. wt. of chlorine
=99-5-35-5=064.

The equivalent weight of Cu is 64 which is approximately equal to its

given atomic weight, i.e., 63-5, showing that valency of Cu is also 1. Hence
the formula for copper chloride is CuCL

Ex. 17. 4215 g of a metallic carbonate was heated in a hard glass tube and the
CO, evolved was found to measure 1336 mL at 27°C and 700 mm pressure.
What is the equivalent weight of the metal?

1336 273 _ 700
300 760

=1120 mL.
Suppose the equivalent weight of the metal is E.

Solution : Volume of CO, at NTP =

equivalent weight of the metal carbonate = (E + 30)
(" eq. wt. of CO%" =% =30).
Now, equivalent of metallic carbonate = equivalent of CO,
4215 1120 (vol. at NTP)
E+30 11200 (vol. of 1eq. at NTP)

E=12.15.

Ex. 18. 0-324 g of copper was dissolved in nitric acid and the copper nitrate so
produced was burnt till all copper nitrate converted to 0-406 g of copper oxide.
Calculate the equivalent weight of copper.

Solution : Cu+HNO; — coppernitrate — copper oxide
0324 g 0-406 g
Suppose the equivalent weight of copper (Cu) is Ecy,.

Equivalent of Cu = equivalent of copper oxide
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0324 0-406

Ecy eq. wt. of copper oxide

0-324 0-406 0406
Ecy eq. wt. of Cu+eq. wt. of O Ec,+8
Ecy =31-60.

Hence the equivalent weight of Cu is 31-60.

Ex. 19. 0-13 g of Cu, when treated with AgNOj; solution, displaced 0-433 g of Ag.
0-13 g of Al, when treated with CuSO, solution displaced 0-47 g of Cu. 1-17 g
of Al displaces 0-13 g of hydrogen from an acid. Find the equivalent weight of
Ag if equivalent weights of Cu and Al are not known.

Solution : Cu + AgNO; — Ag .. (1)

013g 0433 g
Al + CuSO, — Cu .. (2

013g 047 g
Al + Acid — H, ... (3)

117g 013g

For Eqn. (3) : eq. of Al = eq. of hydrogen
117 0-13

eq wt of Al 1 ° T wt. of Al is 9.

For Eqn. (2) : eq. of Al = eq. of Cu
013 0-47
9~ eq. wt. of Cu

For Eqn. (1) : eq. of Cu=eq. of Ag

013 0-433
325 eq. wt. of Ag
eq. wt. of Ag=108-25.

; eq. wt. of Cu=232-5.

Ex. 20. 1-0 g of Mg is burnt in a closed vessel which contains 0-5 g of O,.
(i) Which reactant is left in excess?
(ii) Find the weight of excess reactant.
(iii) How many millilitres of 0-5 N H,SO, will dissolve the residue in the vessel?

Solution : Mg+ 0O, — MgO

. 1 at. wt. 24
Equivalent of Mg = o= 0-0833 [eq. wt. of Mg= valency ~ 2 J
05
Equivalent of oxygen 5= 0-0625 (eq. wt. of O = 8)

(i) Mg is in excess because its eq. is greater than that of oxygen.
(ii) Equivalent of Mg in excess = 0-0833 - 0-0625
=0-0208.
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weight of Mg in excess = equivalent X equivalent weight
=0-0208 x12=0-25g.
(iii) The residue contains MgO and Mg which has not taken part in the
reaction. Suppose v mL of H,SO, is required to dissolve the residue.

m.e. of H,SO, = m.e. of Mg + m.e. of MgO
(not reacted)
o 0-5v=eq. of Mg x 1000 + eq. of MgO x 1000
(Eqn. 1, Chapter 7) ... (Eqn. 3, Chapter 7)
=1000 (eq. of Mg + eq. of MgO)
=1000 (eq. of Mg + eq. of O)
=1000 (0-0208 + 0-0625)
=83-3.
v =166-6 mL.

Ex. 21. 448 mL of SO, at NTP is passed through 100 mL of a 0-2 N solution of
NaOH. Find the weight of the salt formed.

Solution : SO, + NaOH — NaHSO,

m.e. of NaOH =0-2 x 100 = 20. ... (Eqn. 1, Chapter 7)
Equivalent of NaOH = % =0-02. ... (Eqn. 3, Chapter 7)

Since 1 equivalent of NaOH combines with 1 mole of SO, according to
the above reaction,

-~ for SO, , 1 mole =1 equivalent, i.e., 1 equivalent of SO, will occupy
224 litres at NTP.

448
22400

=0-02.

We see that number of equivalents of SO, and that of NaOH are equal.
Number of eq. of NaHSO; will also be 0-02 by the law of equivalence.

Equivalent of SO, =

weight of NaHSO; = equivalent of SO, x equivalent weight
=0-02 x 104
=208g.
(According to the given reaction, eq. wt. of NaHSO; = mol. wt. = 104.)

Ex. 22. Calculate the equivalent weight of the following:
(1) KMnO, in acidic medium
(it) KMnO, in alkaline medium
(iii) FeSO,(NH,),SO, - 6H,O (converting to Fe’*)
(iv) K,Cr,O; in acidic medium
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(v) H,C,0, (converting to CO,)
(vi) Na,S,0; - 5H,O (reacting with 1,)

1 mole
Solution : (i) KMnO, — Mn*" (acidic medium)
+7 +2

mol. weight of KMnO,
change in ON per mole

Equivalent weight of KMnO, =

158
=75 = 31-6.
1 mole
(ii) KMnO, — MnOj" (alkaline medium)
+7 +6
. . 158
Equivalent weight of KMnO, = Bl 158.

(iii) Fe** — Fe’*

2
Equivalent weight of FeSO,(NH,),SO, - 6H,O = % =392.
1 mole
(iv) K,.Cr,0, — 2Cr**
+12 +6
2942
Equivalent weight of K,Cr,0, = 9T =49-03.
1 mole
(v) H,C,0, — 2CO,
+6 +8
. . 90
Equivalent weight of H,C,0O, = 5= 45.
1 mole
(vi) Na,S,05 - 5H,0 + I, — Na,5,04+ 21~
or S,08" - 38,02

+4 +5

Equivalent weight of Na,5,0; - 5SH,O = ? =248.

Ex. 23. The equivalent weight of MnSO, is half its molecular weight when it is
converted to (a) Mn,O, (b) MnO, (c) MnO;, (d) MnQ?™. Indicate the correct
answer. (IIT 1988)

Solution : In (b),

MnSO, — MnO,
+2 +4

Change in ON of Mn per mole of MnSO, =2



102

10.

11.

12.

13.
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Mol. wt.
eq. wt. of MnSO, = Y

Hence the answer is (b).

PROBLEMS

(Answers bracketed with questions)

. Fe forms two chlorides, FeCl, and FeCl,. Does Fe have the same value of equivalent

weight in its compounds? (No)

. The equivalent weight of a metal is 12. What is the equivalent weight of its oxide?

(20)

. 02 g of oxygen and 3:17 g of a halogen combine separately with the same amount

of a metal. What is the equivalent weight of the halogen? (127)

. Arsenic forms two oxides, one of which contains 65-2% and the other, 75-7% of

the element. Determine the equivalent weights of arsenic in both cases. (15, 24.9)

. 1.80 g of a metal oxide required 833 mL of hydrogen at NTP to be reduced to its

metal. Find the equivalent weights of the oxide and the metal. (242, 16-2)

. A certain amount of a metal whose equivalent weight is 28, displaces 0-7 litre of

hydrogen measured at NTP from an acid. Calculate the weight of the metal.
(175 g)

. 9-44 g of a metal oxide is formed by the combination of 5 g of the metal. Calculate

the equivalent weight of the metal. (9-01)

. 14-7 g of sulphuric acid was needed to dissolve 16-8 g of a metal. Calculate the

equivalent weight of the metal and the volume of hydrogen liberated at NTP.
(56, 3-36 litres)

. The salt Na,HPO, is formed when orthophosphoric acid is reacted with an alkali.

Find the equivalent weight of orthophosphoric acid. (49)

0-501 g of silver was dissolved in nitric acid and HCl was added to this solution,
AgCl so formed weighed 0-6655 g. If the equivalent weight of chlorine is 355,
what will be the equivalent weight of silver? (108)

5 g of zinc displaced 4-846 g of copper from a copper sulphate solution. If zinc
has an equivalent weight of 32.5, find the equivalent weight of copper. (31-5)

(i) What is the weight of sodium bromate and molarity of solution necessary to
prepare 85-5 mL of 0-672 N solution when the half-cell reaction is
BrO; +6H" +6e — Br +3H,0?
(ii) What would be the weight as well as molarity if the cell reaction is
2BrO, + 12H* +10e — Br, + 6H,0? (IIT 1987)
[(i) 1-4479 g, 0-112 M (ii) 1.7236 g, 0-134 M]
2 g of a metal when dissolved in nitric acid converted to its nitrate. The nitrate

was then precipitated to 2:66 g of the metal chloride. Find the equivalent weight
of the metal. (107-57)
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. 2 g of anhydrous BaCl,, present in a solution, was quantitatively converted to
225 g of BaSO,. Find the equivalent weight of Ba. (64-5)

The chloride of a metal ‘M’ contains 47-23% of the metal. 1 g of this metal displaced
from a compound 0-88 g of another metal ‘N’. Find the equivalent weight of ‘M’
and ‘N’ respectively. (31-77 ; 27:96)

What weight of CuSO, - 5H,0 must be taken to make 0.5 litre of 0-01 M Cu(Il) ion
solution? (1248 g)
How many litres of SO, taken at NTP have to be passed through a solution of
HCIO, to reduce 169 g of it to HCI? (13-44 litres)
How many grams of H,S will react with 6-32 g of KMnO, to produce K,SO, and
MnO,? (0511 g)
[Hint: ON change for Mn, + 7 to + 4 and for S, — 2 to + 6]

One gram of the acid C;H,,O, requires 0-768 g of KOH for complete neutralisation.

How many neutralisable hydrogen atoms are in this molecule? 2)

What is the weight of 1 gram-equivalent of the oxidising and the reducing agent
in the following reaction?
5Zn +V,0; — 5Zn0O +2V (V=5094, Zn = 65-38 and O = 16)

[Hint: Zn is reducing agent and its ON change = 2; V,O;is oxidising agent and
its ON change = 10] (32:69 g, 182 g)
Write the following oxidising agents in the increasing order of equivalent weight:
KMnO, — Mn’*
K,Cr,0, —» Cr'*
KMnO, — MnO,
KIO; — 1™
KCIO, — C1™
(KC1O,, KMnO,, KIO,, K,Cr,0,, KMnO,)
Find the equivalent weight of H,PO, in each of the following reactions:
H,PO,+OH  — H,PO, +H,0
H,PO, +20H™ — HPO;™ +2H,0
H,PO,+30H™ — PO;Z* +3H,0 (98, 49, 32:67)

Calculate the equivalent weight of SO, in the following reactions:

(a) SO, +2H,S =35 + 2H,0

(b) 550, + 2KMnO, + 2H,0 = K,SO, + 2MnSO, + 2H,SO, (16, 32)
. How many equivalents per mole of H,S are there in its oxidation to SO,? (6)

Q



CHAPTER SEVEN
VOLUMETRIC CALCULATIONS

The quantitative analysis in chemistry is primarily carried out by two
methods, viz., volumetric analysis and gravimetric analysis. In the first
method the mass of a chemical species is measured by measurement of
volume, whereas in the second method it is determined by taking the weight.

In the volumetric analysis, the process of determination of strength of a
solution by another solution of known strength under volumetric conditions
is known as titration. Titrations are of various types, viz., acid and base
titration, oxidation—reduction titration, iodine titration, etc. The fundamental
basis of all titrations is the law of equivalence which states that at the end point
of a titration the volumes of the two titrants reacted have the same number
of equivalents or milliequivalents.

The strength of a solution in volumetric analysis is generally expressed
in terms of normality, i.e., number of equivalents per litre but since the volume
in the volumetric analysis is generally taken in millilitres (mL), the normality
is expressed by milliequivalents per millilitre.

Milliequivalents (m.e.)
From the definition of normality we know,
number of equivalents

normality of a solution = —
volume in litres

. number of equivalents = normality x volume in litres.
If the volume is taken in mL,
number of milliequivalents (m.e.) = normality x vol. in mL.

number of milliequivalents
1000

=number of equivalents

me. ioalents |
T000 — quivalents

For a given solution, number of equivalents per litre is the same as the number
of milliequivalents per mL.

Milliequivalents and Chemical Reactions
It is important at this stage to mention that for any given reaction, say,

A +2B=2C+3D,
the stoichiometric coefficients of A, B, C and D represent the molar ratio of
A, B, C and D, ie., 1 mole of A combines with 2 moles of B to produce
2 moles of C and 3 moles of D. But these coefficients do not represent the

104
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equivalent ratio of the reactants and products at all. However, the number of
equivalents or milliequivalents of each reactant and product is the same.

It is to be noted that if an acid and a base react with each other, the
milliequivalents of one which is in excess in the reacting mixture will be equal
to the difference between milliequivalents of the acid and that of the base but
if the two acids or two bases are mixed, the milliequivalents of mixture will
be the sum of milliequivalents of the two acids or the two bases because the
two acids or the two bases do not react with each other.

Further, in volumetric calculations one should carefully note that the number
of milliequivalents of solute in a solution does not change on its dilution.

Titrations with Two Indicators
When a reaction goes in two steps in a titration, two indicators are needed
to detect the end point of each step. For example, when Na,CO; solution is
titrated with HCI or H,SO,, the reaction
Na,CO; + 2 HCI = 2 NaCl + H,0O + CO,
takes place in the following two steps,
Na,CO; + HCI = NaHCO; + NaCl; (Eng,co, =106)

NaHCO; + HCl = NaCl + H,0 + CO,; (Engrico, = 84)

requiring respectively the indicators phenolphthalein and methyl orange to
detect the end points.

HCl is taken in a burette while Na,COj; solution is taken in a conical flask.
First, phenolphthalein is added to the Na,COj; solution and HCl is added from
the burette till the first end point is reached. Now the second indicator, methyl
orange, is added and the burette is again run till the second end point is
reached. Thus we have the following equations.

For the first reaction with phenolphthalein,
m.e. of Na,CO, =  m.e. of HCI added till the first
converted to NaHCOj, end point is reached
And for the second reaction with methyl orange,
m.e. of NaHCO; produced = m.e. of HCl added between
by the first reaction the first and second end points

If the sample contains both Na,CO; and NaHCO;, the same procedure
is followed and we have the following equations:

For the first step,
m.e. of Na,CO; converted = m.e. of HCl added till the first
to NaHCO, end point is reached
And for the second step,
m.e. of NaHCO; + m.e. of NaHCO; = m.e. of HCl added

produced by the given in the between the first and
first reaction sample second end points.
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Further, if the sample contains NaOH or KOH besides Na,CO; and
NaHCO;, we have, for the first step,

m.e. of NaOH + m.e. of Na,CO; = m.e. of HCl added till the
converted to first end point is reached
NaHCO,

The second step is the same as in the previous one.

Now using the above equations, one can calculate the amounts of
Na,CO;, NaHCO; and NaOH, whatever is given in the sample, as illustrated
by the following examples (Ex. 44 to Ex. 47).

EDTA Titrations

The estimation of many metal ions like Ca**, Mg**, Zn*", etc., may be carried
out by complexometric titrations. These metallic ions form complexes with
ethylenediaminetetraacetic acid (EDTA). EDTA is a tetrabasic acid, represented
by H X and its disodium salt is represented by Na,H,X

o H
Hgooc—CHz\ CH,~COOH
i N—CH,—CHy—N :
Hi00C—CHj CH,~COOH

EDTA has an advantage of forming very stable complexes so that small
amounts of cations can be detected. Disodium salt affords the
complex-forming ions, HZXZ’ in aqueous medium. These ions form a complex
with dipositive metal ions on a one-to-one basis. In this titration the pH is
controlled by using suitable buffers. The end point is detected by a suitable
metal-ion indicator which forms a complex with specific metal ions having a
different colour from the free indicator. Ex 73 is just one of the vast number
of applications of this type of titrations to analytical problems.

Useful Formulae for Volumetric Calculations

1. m.e. = normality X volume in millilitres.

2. At the end point of titration, the two titrants, say 1 and 2, have the
same number of milliequivalents, i.e., N;V; =N,V, , volumes being
in mL.

. m.e.
3. No. of equivalents = 1000

weight in grams

4. (i) No. of equivalents = equivalent weight

(ii) No. of equivalents for a gas

_ volume at NTP .
equivalent volume (vol. of 1 eq. at NTP)
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5. Grams per litre = normality x equivalent weight.
6. (i) Normality = molarity x factor relating mol. wt. and eq. wt.

(ii) No. of equivalents = no. of moles x factor relating mol. wt. and
eq. wt.

The factors relating mol. wt. and eq. wt. in case of acids and bases
are respectively the basicity and acidity; in oxidants and reductants,
it is the change in oxidation number per mole, and so on.

7. (i) In a given reaction aA+bB —» mM+nN,
eq. of A =eq. of B=-eq.of M =eq. of N
or m.e. of A = m.e. of B = m.e. of M = m.e. of N.

(i) In a compound M,N,,
equivalents of M,N, = equivalents of M = equivalents of N

or m.e. of M,Ny = m.e. of M = m.e. of N.

EXAMPLES
Ex. 1. Calculate the number of m.e. of H,SO, present in 10 mL of N/2 H,SO,
solution.
Solution : Number of m.e. = normality x volume in mL ... (Eqn. 1)

=%X10=5.

Ex. 2. Calculate the number of m.e. and equivalents of NaOH present in 1 litre of
N/10 NaOH solution.

Solution : Number of m.e. = normality X volume in mL ... (Eqn. 1)

1
= E % 1000 = 100.
. no. of m.e.
Number of equivalents = 1000 ... (Eqn. 3)

100
=000 = 0-10.

Ex. 3. Calculate the weight of NaOH in grams in Example 2.

Solution : Weight in g = equivalents X eq. wt. ... (Eqn. 4)
=01x40=4g.

Ex. 4. Calculate number of m.e. of the acids present in
(i) 100 mL of 0-5M oxalic acid solution,
(ii) 50 mL of 0-1 M sulphuric acid solution.
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Solution : Normality = molarity X factor relating mol. wt. and eq. wt.
... (Eqn. 6)
(i) Normality of oxalic acid = 0-5x2 =1 N
m.e. of oxalic acid = normality x vol. in mL =1 x 100 = 100.
(if) Normality of sulphuric acid =0-1x2=02N
m.e. of sulphuric acid =0-2x50=10.

Ex. 5. A 100 mL solution of KOH contains 10 milliequivalents of KOH. Calculate
its strength in normality and grams/litre.

no. of m.e.

volume in mL - (Eqn. 1)

Solution : Normality =

. strength of the solution = N/10. Again,

1
strength in grams/litre = normality x eq. wt. = 0% 56 =5-6 grams/litre.

molecular wt. 56
acidity 1 ]

[eq. wt. of KOH=———————=>2_56

Ex. 6. Calculate the normality of a solution of FeSO,-7H,O containing
2:4 g/100 mL (Fe =56, S=32, O=16, H = 1) which converts to ferric form in
a reaction.

Solution : Weight per 100 mL = 24 g.

Equivalents/100 mL = 22—72 =0-0086. (eq. wt. of FeSO, - 7TH,O = 278)

As Fe?* — Fedt
molecular wt. 278

eq. wt. of FeSO, - 7H,0 = W—T

Thus m.e. per 100 mL = 0-0086 x 1000 = 8-6. ... (Eqn. 3)
. . m.e.
Normality of solution = volume in mL ... (Eqn. 1)
_86
~ 100
=0-086 N.

Ex. 7. Calculate the number of milliequivalents, gram eq., weight in grams and
number of moles contained in 10 litres of 0-5 M Ba(OH), solution. (Ba = 137)

Solution : Normality of Ba(OH), solution = molarity X acidity =~ (Eqn. 6)
=05x%x2
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=1N.
m.e. of the solution = normality x vol. in mL
=1x10000
=10000.
Equivalent of the solution = % -~ (Eqn. 3)
10000
~ 1000
=10.
Weight of Ba(OH), in solution = equivalents x eq. wt. ... (Eqn. 4)
=10x 855
=855g.
{equlvalent wt. of Ba(OH), = % = % = 85-5}

. wt. in grams
Moles of Ba(OH), solution =——————

mol. wt.
855

=171 5-00 moles.

Ex. 8. What is the strength in grams/litre of a solution of H,SO,, 12 cc of which

neutralises 15 cc of NaOH solution?

10
1
Solution : m.e. of NaOH solution = ) x15=15 ... (Eqn. 1)
m.e. of 12 cc of H,50,=15 ... (Eqn. 2)
normality of HZSO4—1—25 .. (Egn. 1)
Strength in grams/litre = normality x eq. wt. ... (Eqn. 5)
15
=17 % 49 grams/litre
= 6-12 grams/litre.
mol. wt. 98
eq. wt. of H,S0O, = m 7 =49

Ex. 9. What weight of KMnO, will be required to prepare 250 mL of its % solution

if eq. wt. of KMnOj, is 31-6?

1
Solution : m.e. of KMnO, solution = 10X 250 =25 ... (Eqn. 1)
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25

Equivalent of KMnO, = 1000~ 0-025. ... (Eqn. 3)
Wt. of KMnO, solution required to prepare
250 mL of % solution = eq. X eq. wt. ... (Eqn. 4i)
=0-025%x31-6
=079¢g.

Ex. 10. 100 mL of 0-6 N H,SO, and 200 mL of 0-3 N HCI were mixed together.

What will be the normality of the resulting solution?

Solution : m.e. of H,SO, solution =0-6 x 100 = 60
m.e. of HCI solution =0-3 x 200 =60
m.e. of 300 mL (100 + 200) of acid mixture =60 + 60 = 120.

m.e.

Normality of the resulting solution = total voL

... (Eqn. 1)

Ex. 11. What will be the normality of the resulting solution of Example 10 if it is
diluted to 600 mL?

Solution : In this problem it should be remembered that the m.e. of a solution
does not change on dilution.
Thus, m.e. of 600 mL of the resulting solution = 120 and therefore,

normality of this diluted solution

120 N
=%0°- 35 ... (Eqn. 1)
Ex. 12. A sample of Na,CO;-H,O weighing 0-62 g is added to 100 mL of
0-1 N H,SO,. Will the resulting solution be acidic, basic or neutral?

0-62
Solution : Equivalents of Na,CO; - H,O = o - 0-01. ... (Eqn. 4i)

( eq. wt. of Na,CO;-H,0= 12& = 62)

m.e. of Na,CO; - H,0O =001 x 1000 = 10 ... (Eqn. 3)
m.e. of H,SO,=0-1x100 = 10. ... (Eqn. 1)
Since the m.e. of Na,CO; - H,O is equal to that of H,SO,, the resulting

solution will be neutral.
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13. How many millilitres of a 0-05 M KMnOy solution are required to oxidise
2.0 g of FeSO, in a dilute acid solution? (Fe =56,5 =32,0 = 16)

Solution : Normality of KMnO, solution =0-05x5=0-25N ... (Eqn. 6)

Ex.

[ factor relating mol. wt. and |
eq. wt., ie. the change in ON
| is 5 from MnO; — Mn**
l + 7 +2 ]
Let the volume of KMnO, solution be v mL.
Thus m.e. of KMnO, =0-25v.
2
Equivalents of FeSO,=-——
quivalents o 4= 155 . (Eqn. 1)
Fe?" — Fe®*
In the above reaction,

2
m.e. of FeSO, = 52 % 1000 ... (Eqn. 3)
Now,
m.e. of KMnO, = m.e. of FeSO, ... (Eqn. 2)
2
0250v= 5 % 1000.
v=52-63 mL.

14. Hydroxylamine reduces iron(Ill) according to the equation:

2NH,OH +4Fe’* — N,O (g) T+ H,O +4Fe’* +4H*

Iron (I) thus produced is estimated by titration with a standard solution of
permanganate. The reaction is:

MnO; +5Fe’*+8H" — Mn?* + 5F** + 4H,0
A 10 mL sample of hydroxylamine solution was diluted to 1 litre. 50 mL of
this diluted solution was boiled with an excess of iron(Ill) solution. The resulting
solution required 12 mL of 0-02 M KMnO, solution for complete oxidation of

iron(Il). Calculate the weight of hydroxylamine in one litre of the original
solution.

Solution : m.e. of 50 mL of the diluted solution of NH,OH

= m.e. of Fe®*
= m.e. of Fe?" produced
= m.e. of KMnO, solution

=01x12=12 ... (Eqn. 1)
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MnO,; — Mn"?change in ON=5
+7 +2

*. normality = 5 x molarity = 5 x 0-02 = 0-1

2
. m.e. of 1000 mL of diluted solution of NH,OH = 0 % 1000 = 24.

m.e. of 10 mL of original solution of NH,OH = 24.
. m.e. of 1000 mL of original solution of NH,OH = 2400.

. number of equivalents per litre = 2400

1000 °
. 2400 .
. strength of NH,OH in g/L = 1000 16-5 =39-6. ... (Eqn. 4i)

... (Eqn. 3)

{ eq. wt. of NH,OH from the given reaction =% =165 }

Ex. 15. In a quantitative determination of iron in an ore, an analyst converted 0-42 g
of the ore into its ferrous form. This required 42-00 mL of 0-1 N solution of
KMnO, for titration.

(i) How many milliequivalents of KMnOy does 42-00 mL of 0-1 N solution
represent?

(if) How many equivalents of iron were present in the sample of the ore taken
for analysis?

(iii) How many grams of iron were present in the sample?
(iv) What is the percentage of iron in the ore?
(v) What is the molarity of KMnO, solution used?

(vi) How many moles of KMnO, were used for titration?  (Fe =56)

Solution : In this problem Fe’* is oxidised to Fe*" by KMnO,.
(i) m.e. of KMnO, solution =0-1x42 =4-2. ... (Eqn. 1)

(ii) Equivalent of Fe present in the sample

= equivalent of KMnO, solution ... (Eqn. 7)
m.e. of KMnO, solution Ean. 3
= 1000 ... (Eqn. 3)
4.2
=000 = 0-0042.
(iii) Wt. of iron = equivalent X eq. wt. ... (Eqn. 4i)

=0-0042 x56 =0-2352 g.
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N . ~0-2352
(iv) % of iron =04

x 100 = 56:00%.

normality

(v) Molarity of KMnO, = factor relating mol. wt. and eq. wt.

i.e., change in ON ... (Eqn. 6i)
ot 0-02 M.
MnO; — Mn**
+7 +2
equivalents
factor relating mol. wt. and eq. wt.

... (Eqn. 6ii)

(vi) Moles of KMnO, =

= O'O§42 =0-00084 mole.

[Note: Thus we see how the equations 1 to 7 have been put into use in the

problems given above. However, application of these equations and the
ability to use them come only from practice. The students are advised to

apply the said rules in as many problems as possible.]

Ex. 16. A 0-5-g sample of an iron-containing mineral, mainly in the form of
CuFeS,, was reduced suitably to convert all the ferric iron into ferrous form
and was obtained as a solution. In the absence of any interfering matter, the

solution required 42 mL of 0-01 M K,Cr,O, solution for titration. Calculate
the percentage of CuFeS, in the mineral. (Cu = 63-5, Fe = 55-8, S = 32, O = 16)

Solution : In this problem Fe?* is oxidised by K,Cr,O, to Fe’*.

Normality of K,Cr,0O; solution = molarity x ON change per mole

... (Eqn. 6i)
=0-01x6=0-06
{ Cr,07” — 2Cr’*; change in ON=6 }
+12 +6

m.e. of K,Cr,O, =0-06 x 42 = 2-52. ... (Eqn. 1)

m.e. of CuFeS,=m.e. of Fe’* salt

=m.e. of K,Cr,0O,
=2.52. ... (Eqn. 2)
Equivalents of CuFeS, = 252 ... (Eqn. 3)

1000
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2-52
Weight of CuFeS, in the mineral = 1000 % 183-3 ... (Eqn. 4i)
=04619 g,
eq. weight of CuFeS, is equal to its molecular weight, i.e., 183-3
because the change in ON of Fe is one (Fe’* — Fe’*)
0-4619 x 100
Percentage of CuFeS, in the mineral = X e 92.83%.

0-5
Ex. 17. 25 grams of a sample of ferrous sulphate was dissolved in dilute sulphuric
acid and water and its volume was made up to 1 litre. 25 mL of this solution
required 20 mL of %KMDO4 solution for complete oxidation. Calculate the

percentage of FeSO, - 7TH,O in the sample.

Solution : m.e. of KMnO, solution = 11—0 x20=2. ... (Eqn. 1)

m.e. of 25 mL of FeSO, - 7H,O solution = 2.

2
m.e. of 1000 mL of FeSO, - 7H,0 solution = == x 1000 = 80.

25
80
Equivalents of FeSO, - 7H,O = 000 .. (Eqn. 3)
weight of FeSO, - 7H,0O = equivalent x eq. wt.
80
=7000 % 278=2224¢.
24 34 ___mol. wt. _%.
{As Fe" — Fe’", eq. wt. of FeSO, - 7TH,0 = 7€hange mON- 1
Thus the percentage of FeSO, - 7H,0O in the sample =% x 100
= 88:96%.

Ex. 18. 539 g of a mixture of FeSO, - 7TH,O and anhydrous ferric sulphate requires

80 mL of 0-125N permanganate solution for complete conversion to ferric
sulphate. Calculate the individual weights of each component of the original
mixture.

Solution : Ferrous sulphate present in the mixture is oxidised to ferric
sulphate by permanganate solution. Let the weight of ferrous sulphate

be x gram.
m.e. of FeSO, - 7H,O = m.e. of permanganate solution
=0-125x 80 =10.
10

" eq. of FeSO, - 7H,0 = .. (Eqn. 3)

1000
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- wt. of FeSO, - 7H,0 = eq. X eq. wt.

10
=000 x 278

=278¢g
and wt. of Fe, (50,);=(539-278) g
—26lg

Ex. 19. 100 g of a sample of HCI solution of relative density 1-17 contains 33-4 g
of HCL. What volume of this HCI solution will be required to neutralise exactly

. N )
5 litres of 0 NaOH solution?

100
Solution : Volume of HCI solution = 117 mL.

. mass
density = volume
33-4
E lents of HCl=—— .. (Eqn. 4i
quivalents of HC 365 (Eqn. 4i)
(eq. wt. of HCl = 36'5)
33-4
m.e. of HCl = 6— % 1000. ... (Eqn. 3)
. m.e.
Normality of HCl = volume in mL .. (Eqn. 1)
334 117
~365 X 1000 100
=107 N.

Now let the volume of HCl, of normality calculated above, required to
neutralise exactly the given NaOH solution be v mL.

m.e. of HCl = m.e. of NaOH

10-7 x v—iXSOOO

10
10-7 x v =1500.
v =467 mL.

Ex. 20. Derive a formula to calculate the normality of an acid of sp. gr. ‘d’ containing
X% by weight. The eq. wt. of the acid is E.

Solution : 100 g of the acid solution contains x g of the acid

or % mL of the acid solution contains % eq. of the acid ... (Eqn. 4i)
100 . LoX .
or —— mL solution contains — x 1000 m.e . of the acid ... (Eqn. 3)

d E
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m.e.

volume in mL ... (Eqn. 1)

Normality of acid =

X d
=EX1000XW-

10xxxd

normality = F

Ex. 21. A bottle of commercial sulphuric acid (density 1-787 g/mL) is labelled as
86% by weight. What is the molarity of the acid? What volume of the acid has
to be used to make 1 litre of 0-2 M H,SO,?

Solution : *~ 100 g of H,SO, solution contains 86 g of H,SO,.
% mL H,SO, solution contains % mole.
1000 mL H,SO, solution contains % X % % 1000.
= 1568 M.
normality of H,SO, = (2 x15-68) N =31-36 N.
(basicity of H,SO, = 2)
Suppose that v mL of 31-36 N H,SO, is to be used to make 1000 mL of
02 M (ie., 04 N) H,SO,.
m.e. ofv mL of 31-36 N H,SO, = m.e. of 1000 mL of 0-4 N H,SO,
31-36 x v = 0-4 x 1000
~ 0-4x1000

~12.75mL.
31-36 m

Ex. 22. How many millilitres of concentrated sulphuric acid of sp. gr. 1-84 containing
98% H,SO, by weight are required to prepare 200 mL of 0-50 N solution?

Solution : 98% of H,50, by weight means 100 g H,SO, solution contains 98 g
of H,SO, .
100

L
184 ™

Volume of 100 g of H,50, =

1
ie., % mL of H,SO, solution contains 98-00 g of H,SO,.
. 98 .
Equivalents of H,SO, = 9° 2 ... (Eqn. 4i)
(eq. wt. of H,SO, = 49)

m.e. of H,SO, =2 x 1000 = 2000. ... (Eqn. 3)
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m.e.

Normality of H,50, solution = Volume in mL ... (Eqn. 1)
2000
=100/182 = 08N

Let the volume of H,SO, of normality calculated above to prepare 200 mL
of 0-5N H,SO, solution be v mL.

m.e. of v mL of H,SO, of normality 36-8 N =36-8 v ... (Eqn. 1)
and m.e. of 200 mL of H,SO, of normality 0-5N=0-5x 200
=100.

Since both the solutions of H,50, should have the same number of m.e.
we have,
36-8 v =100.
100

v=——=272mL.
36-8

23. A piece of aluminium weighing 2-7 g is heated with 75-0 mL of sulphuric
acid (sp. gr. 1.18 containing 24-7% H,SO, by weight). After the metal is

carefully dissolved the solution is diluted to 400 mL. Calculate the molarity of
the free HySO, in the resulting solution.

Solution : Normality of the given H,SO, =5-95 N

(calculated as in Example 20 or 21)

m.e. of 75 mL of H,SO, =595 x75 ... (Eqn. 1)
=446-25.
. 2.7 .
Equivalent of Al = 5 = 0-3. ... (Eqn. 4i)
{eq. wt. of A1=M=z=9}
valency 3
m.e. of Al=0-3x 1000 = 300. ... (Eqn. 3)

Since 300 m.e. of Al will react with 300 m.e. of H,50,,
m.e. of free H,SO, = total m.e. of H,50, — 300
=446-25 - 300
=146-25.
Now the free H,50, is diluted to 400 mL and we know that the m.e. of
H,SO, does not change on dilution.
normality of the diluted free H,SO, in the resulting solution
m.e. of free H,SO,
" volume (mL)
14625

300 - 0-366 N.
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molarity = &266 =0-183 M. ... (Eqgn. 6i)

(basicity of H,SO, =2)

Ex. 24. Two litres of ammonia at 30°C and 0-90 atmospheric pressure neutralised
134 mL of a solution of sulphuric acid. Calculate the normality of the acid.

9x2x27
Solution : Volume of NH; at NTP = % lit. =1-622 lit.

214 _ PV
T T
volume at NTP (litres)
224

number of moles of NH; =

= % =0-0724.
Number of equivalents of NHj
= number of moles x factor relating mol. wt. and eq. wt.
... (Eqn. 6ii)
=0-0724.
{ " according to the reaction 2NHj + H,SO, — (NH,),SO,, }
eq. wt. of NH; is equal toits mol. wt.
m.e. of NH; = equivalent x 1000
=0-0724 x 1000 = 72-4.
Let the normality of H,SO, be N
m.e. of H,SO, =N x 134.
Now m.e. of H,SO,=m.e. of NH; ... (Eqn. 2)
134 xN=72-4
". normality of HZSO4=%

=054 N.

Ex. 25. (a) Calculate the strength of ‘20 V' of H,O, in terms of:
(i) normality (ii) grams per litre (iii) molarity and (iv) percentage.
(b) Calculate the volume strength of 3-58 N H,O, solution.

Solution : (a) The strength of H,O, as 20 V' means 1 volume of H,O, on
decomposition gives 20 volumes of oxygen at NTP or 1 litre of H,O, gives
20 litres of oxygen at NTP.

() 2H,0, — 2H,0 + O,
1 lit. 20 lit. at NTP
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. 20 "
1 lit. sg &0 ... (Eqn. 4ii)

" 1 mole of oxygen (32 g) occupies a vol. of 22-4 lit. at NTP

" 1eq. of oxygen (8 g) shall occupy 21—4 lit. at NTP = 5-6 lit.

equivalent in 1 lit. of H,O, = eq. of oxygen produced
20
== 3- .
56 58
" equivalent per litre represents normality.
normality of 20 V' H,O, =358 N

(ii) From the above reaction,

eq. wt. of H,0, = T =5 = 17.
strength of ‘20 V' H,O, = normality x eq. wt.
=358 x 17
=60-86 g/lit.
i) Molaritv = normality .. (Eqn. 6i)
(iff) Molarity = factor relating mol. wt. and eq. wt.
_38_179m

2
(iv) Strength in percentage is grams per 100 mL so from part (ii) of the
solution,
strength in percentage of 20 V' H,0O, = 6-:086% (g/100 mL).
(b) The strength of H,O, is 3-58 equivalents per litre.
.. the equivalent of oxygen = 3-58.
The volume of O, (lit.) at NTP =3-58 x 5-6 = 20 litres. ... (Eqn. 4ii)
(1 eq. of oxygen occupies 5-6 litres.)
Thus 1 litre of H,O, at NTP gives a volume of 20 litres
That is to say— strength of H,O, is 20 V".

Ex. 26. Calculate the percentage of free SOy in an oleum (considered as a solution

of SO; in H,SO,) that is labelled "109% H,SO,’".

Solution : “109% H,SO," refers to the total mass of pure H,SO,, i.e., 109 g that

will be formed when 100 g of oleum is diluted by 9 g of H,O which
(H,0O) combines with all the free SO; present in oleum to form H,SO,
H,0 + SO; — H,SO,

1 mole of H,0O combines with 1 mole of SO,



120

Ex.

Modern Approach to Chemical Calculations

or 18 g of H,O combines with 80 g of SO,
or 9 g of H,O combines with 40 g of SO;.

Thus, 100 g of oleum contains 40 g of SO; or oleum contains 40% of free
SO;.

27. A solution of a 0-4-g sample of H,O, reacted with 0-632 g of KMnO, in

the presence of sulphuric acid. Calculate the percentage purity of the sample of
H,0,.

Solution :

Ex.

2KMnO, + 3H,SO, + 5H,0, — K,SO, + 2MnSO, + 8H,0 + 50,
+7 +2

mol. wt. 158
Eq. wt. of KMnO, = change in ON per mole ~ 5

=31-6.
Again from the above reaction we see that

2 moles of KMnO, combine with 5 moles of H,0O,

or 10 equivalents (2 moles) of KMnO, combine with 5 moles of H,0O,

1
or 1 equivalent of KMnO, combines with 5 moles of H,O,.

Now, m.e. of H,O, =m.e. of KMnO,
or eq. of H,0O,=eq. of KMnO,
X063
17 316
x being the amount of H,O, in grams,
x=034g.

... (Eqn. 4i)

-34
Percentage of H,O, in the sample = 00—4 x 100 = 85%.

28. A 1.00-g sample of H,O, solution containing x per cent H,O, by weight
requires x mL of a KMnO, solution for complete oxidation under acidic
conditions. Calculate the normality of the KMnO, solution.

Solution : 2MnOj; +5H,0, +6H* — 50, +2Mn** + 8H,0

+7) (+2)
From the equation, we see that

change in oxidation number of Mn =7 -2=5.
1 mole of KMnO, =5 eq. of KMnO,.
10 eq. of KMnO, combines with 5 moles of H,O,.
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1 eq. of KMnO, combines with % mole of H,O,.

eq. wt. of H,0, = % =17.

Now,

100 g of H,O, solution contains x g of H,0O,

100 g of H,O, contains 1x_7 equivalent of H,O,.

X
1 g of H,O tains ———— eq. of H,0O
g of H,O, contains ——= eq. of H,0,
number of m.e. of H,O, in 1 g solution = — %1000
17 x 100
10 x
=77 ... (Eqn. 3)
m.e. of H,0, = m.e. of KMnO,
10 x
F—XN. (Eqn 1)

(N — normality of KMnO, )

normality of KMnOj, solution = % eq. lit™

Ex. 29. In a 50-mL solution of H,O, an excess of KI and dilute H,SO, were added.
The 1, so liberated required 20 mL of 0-1 N Na,S,0O; for complete reaction.
Calculate the strength of H,O, in grams per litre.

Solution : 2KI+H,SO,+H,0O, — K,50,+2H,0+1,
2Na,S,0;+1, — Na,S,04+ 2Nal
m.e. of H,0O, in 50 mL = m.e. of I, = m.e. of Na,S,0,

m.e. of H,0, in 50 mL =0-1 x20=2. ... (Eqn. 1)

2
m.e. of H,0O, in 1000 mL = 50 x 1000 = 40.

. . 40
Equivalents per litre = 1000 ... (Eqn. 3)
G litre of H,O, = —2_ 17 (Eqn. 4)
rams per litre of H,0,=-5-5 ... (Eqn.
=0-68 g /litre.
(eq. wt. of H,0, = 34 =17)

2
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Ex. 30. Calculate the percentage amount of oxalate in a given sample of oxalate salt
when 0-3 g of salt was dissolved in 100 mL and 10 mL of which required 8 mL

of % KMnO, solution.

Solution : Let the amount of oxalate in the sample be x g.

Now,
1

m.e. ofKMnO4:E><8=O-4. ... (Eqn. 1)
. m.e. of 10 mL of oxalate salt solution = 0-4. ... (Eqn. 2)

m.e. of 100 mL of oxalate solution =4-0
but m.e. of oxalate = m.e. of oxalate salt = 4. ... (Eqn. 7)

4
ivalent of oxalate = ——=0-004. ... (Eqn. 3
equivalent of oxalate =0 (Eqn. 3)
Wt. of oxalate=(0-004 x44) g ... (Eqn. 4i)
=0-176 g.
{ eq. wt. of C,0O; = % =44. }

7
© 100 = 58.67%

Percentage amount of oxalate = 03

Ex. 31. One gram-atom of Ca was burnt in excess of oxygen and the oxide was
dissolved in water to make up a 1-litre solution. Calculate the normality of the
alkaline solution.

Solution : First Method

O, dissolved in water
Ca m CaO Ca(OH),
m.e. of Ca = m.e. of CaO = m.e. of 1000 mL of Ca(OH), solution
... (Eqn. 7)
. m.e. of 1000 mL of Ca(OH), solution = m.e. of Ca
=eq. x 1000 ... (Eqn. 3)
= (gram-atom x valency of Ca) x 1000
=1x2x1000
=2000.
normality of Ca(OH), solution = —
vol. in mL
2000
=1000 = 2N.

Second Method See the first method in Example 13, Chapter 2.
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Ex. 32. How much AgCl will be formed by adding 1-70 g of AgNO; in 200 mL
of 5 N HCl solution?  (Ag=108, N=14, O=16)

1-70

Solution : Equivalent of AgNO, =170 0-01. ... (Eqn. 4)
(eq. wt. of AgNO;=170)
m. e. of HCI solution =5 x 200 = 1000. ... (Eqn. 1)
. equivalent of HCl solutionz%z 1. ... (Eqn. 3)
Since equivalent of AgNO; is less than the eq. of HCI,
equivalent of AgCl = eq. of AgNO;=0-01.
wt. of AgCl =0-01 x 143-5 ... (Eqn. 4i)

=1435g.

Ex. 33. A mixture of aluminium and zinc weighing 1-67 g was completely dissolved
in acid and evolved 1-69 litres of hydrogen at NTP. What was the weight of
aluminium in the original mixture? (Al=27,7n=65-4)

Solution : Since H, is formed by both Al and Zn,
eq. of Al+eq. of Zn = eq. of H,.

Let w be the mass in grams of Al in the mixture.

w , (67w 1-69
eq. wt. of Al * eq. wt. of Zn~ vol. of 1 eq. of H, at NTP in lit.
27
W +1-67—w_1-69 eq . wt. of Al:g
2B 65472 112 eq. wt. of Zn=—652'4

w=124g.

Ex. 34. A metal weighing 0-43 g was dissolved in 50 mL of N H,SO,. The unreacted
H,SO, required 14-2 mL of N NaOH for neutralisation. Find out the equivalent
weight of the metal.

Solution : Eq. of metal =——- (eq. wt. of metal =E)

E
0-43 430
m.e. of metal = T X 1000 = F ... (Eqn. 3)
m.e. of total H,SO, solution =1 x50 =50 ... (Eqn. 1)

But m.e. of H,SO, reacted with metal = m.e. of the metal
80
" E
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m.e. of unreacted H,50, =|50 — % .
Again m.e. of unreacted H,50O, = m.e. of NaOH. ... (Eqn. 2)
50—%=1X14-2 ... (Eqn. 1)
E=1201.

Ex. 35. 735 g of a dibasic acid was dissolved in water and diluted to 250 mL.

25 mL of this solution was neutralised by 15 mL of N NaOH solution.
Calculate eq. wt. and mol. wt. of the acid.

Solution : Let the equivalent weight of the acid be E.

Equivalent of acid = % . ... (Eqn. 4i)

7.
m.e. of the acid = % % 1000 = 75;_:50 . ... (Eqn. 3)

Now,

250 mL of the acid contains 7:;50

25 mL of the acid contains % m.e.

Again, m.e. of 25 mL of the acid = m.e. of NaOH ... (Eqn. 2)
735

T=1X15

m.e.

735
=15 = 49.
eq. wt. of acid =49.
molecular weight of the acid = eq. wt. x basicity
=49x2
=98.

Ex. 36. 2-0 g of a mixture of carbonate, bicarbonate and chloride of sodium, on
heating, produced 56 mL of CO, at NTP. 1-6 g of the same mixture required

25 mL of N HCI solution for neutralisation. Calculate the percentage of
Na,CO;, NaHCO; and NaCl in the mixture from the given data.

Solution : On heating the given mixture, only NaHCO; decomposes as
2NaHCO; — Na,CO; + H,0 +CO,
56
11200 ... (Bqn. 4ii)
(1 eq. of CO, occupies 11200 mL at NTP)

eq. of NaHCO; = eq. of CO, =
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56
wt. of NaHCO, = 11200 © 84=042g. . (Bqn. 4i)
(eq. wt. of NaHCO; = 84)
% of NaHCO, = % %100 = 21%.

Now, if x is the weight of NaCl in 1-6 g of the mixture

then wt. of NaHCO;=0-336 g (i.e., 21% of 1-6 g)

and wt. of Na,CO;=16-0-336 -x=(1264-x)g.

Since Na,CO; and NaHCO; are neutralised by HCl solution as:
Na,CO; +2HCl — 2NaCl+H,0+CO,
NaHCO; + HCI — NaCl + H,0 + CO,

m.e. of Na,CO; + m.e. of NaHCO; = m.e. of HCl

or eq. of Na,CO;x 1000 + eq. of NaHCO; x 1000 = m.e. of HC1

.. (Eqn. 3)
1264 —x 0-336
Tx1000+ 81 x1000=1x25
x=0151g.
% of NaCl = 2121

o x 100 = 9-42%

and % of Na,CO; =100 — (21 + 9-42) = 69-58%.

Na,CO; = 69-58%
Thus, { NaHCO;=21-00%
NaCl =9-42% .

Ex. 37. Find out the volume in mL of 0-1 N HCI solution required to react
completely with 1.0 g of a mixture of Na,CO; and NaHCO; containing

equimolar amounts of the two compounds.

Solution : Let the amount of Na,CO; in 1 g of mixture be x g and since the
Na,CO; and NaHCO; are in equimolar amounts,

x  1-x mol. wt. of NaZCO3=106}
106 84
x=0-558 g.

Thus wt. of Na,CO;=0-558 g

and wt. of NaHCO; =1 - 0-558 = 0-442 g.

Now,

m.e. of HCIl = m.e. of Na,CO; + m.e. of NaHCO,

, Where {mol. wt. of NaHCO, =84
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m.e. of HCl = eq. of Na,CO; x 1000 + eq. of NaHCO; x 1000.

... (Eqn. 3)
If v is the volume of HCI in mL
0-558 0-442 .
then  0-1x 0=z x 1000+ — = x 1000, ... (Eqn. 4i)
v=157-9 mL.

38. 5 mL of 8 N nitric acid, 4-8 mL of 5 N HCI and a certain volume of 17 M
sulphuric acid are mixed together and made up to 2 litres. 30 mL of this mixture
exactly neutralises 42-9 mL of sodium carbonate solution containing 1 g of
Na,CO; - 10H,0 in 100 mL of water. Calculate the amount in grams of the
sulphate ions in the solution. (IIT 1985)

Solution : Let the volume of 17 M (i.e., 34 N) H,50, solution be v mL.

total m.e. of the acid mixture =8 x5 +5x4-8 + 34v ... (Eqn. 1)
=(64+340).

m.e.

normality of the mixture = ... (Eqn. 1)

total volume (mL)
_64+340
~ 2000
64 + 34v
2000

m.e. of 30 mL of this acid mixture = % 30. ... (Eqn. 1)

g/litre

Now, normality of Na,CO; - 10H,O solution =

eq.wt.
10
-
- grams/litre of Na,CO; - 10H,0 =10 1|
mol. wt. 286 {
|
)

and eq. wt. = 5 -
4

——t

1l
—
@

m.e. of 42.9 mL of Na,CO; . 10H,O solution =% x 429,

Thus, m.e. of 30 mL of acid mixture
= m.e. of 42:9 mL of Na,CO; - 10H,O solution ... (Eqn. 2)
64+340 10
72000 x 30 = m X 429
68

=17
. m.e. of 34 N (i.e, 17 M) H,SO, =34><% ... (Eqn. 1)

[

=136.
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136

equivalent of H,50, = 1000~ 0-136. ... (Eqn. 3)
equivalent of SO; =0-136 ... (Eqn. 7ii)
weight of SOj~ =eq. x eq. wt. of SO; ... (Eqn. 4i)
=0-136 x 48
=6528 g.
,__ionic wt. 96
[eq. wt. of SO, = 7valency =5 = 48]

Ex. 39. 142 g of a mixture of CaCO; and MgCO; was dissolved in 200 mL of
0-2 N HCI solution which was then diluted to 250 mL. 10 mL of this solution
was neutralised by 12 mL of (N/30) Na,COj; . Find out the percentage of each
in the mixture. (Ca =40, Mg =24, C=12,0=16)

Solution : Let the wt. of CaCO; be x g.
. wt. of MgCO;=(142-x) g.

" eq. of CaCO; = = and eq. of MgCO,; = 142-x ... (Eqn. 4)
50 42
[ eq. wt. of CaCO;= % =50;eq. wt. of MgCO;= 82—4 =42 )

% 1000 *- (qu’l 3)

1-42 —
Total m.e. of CaCO; and MgCO; = % % 1000 + ) el

m.e. of HCI =0-2 x200 =40. ... (Eqn. 1)
From the given question it is clear that m.e. of HCl is greater than those
of CaCO; and MgCO;.

* m.e. of excess HCl = m.e. of HCI — m.e. of CaCO; and MgCO,

x 142-x
=40—{1000(%+ ) j}

the m.e. of the resulting solution does not change on dilution.

normality of excess HCl in the diluted resulting solution

40 - {1000 (% + 1‘422_ x]}
_ m.e. _ )

© 250 250
m.e. of 10 mL of the resulting solution

x 142-x
40—{1000(%+ 0 ]}
x 10

250

... (Eqn. 1)

m.e. of Na,COj; solution = 31—0 x12. ... (Eqn. 1)
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x 142-x
40 - {1000 [%+ 0 ]} .
x10=-=x12.

250

... (Eqn. 2)
x=1
1
% of CaCO, = 10 % 100 =70-4%,
% of MgCO; =100 —70-4 =29-6%.

Ex. 40. 3-68 g of a mixture of CaCO; and MgCO;, on reaction with 1000 mL of N /10
HCl solution produced 1:76 g of CO,. Calculate the percentage of each in the
mixture.

Solution : CaCO; + 2HClI — CaCl, + H,0 + CO,
MgCO; + 2HCI — MgClL, + H,0 + CO,
From the equation, 2 eq. of HCl produces 1 mole of CO,.
1 eq. of HCI produces 1/2 mole of CO,.

eq. wt. of CO,= % =22.

1.76 .
o = 0-08. ... (Eqn. 4i)
From the given problem it is clear that the number of equivalents of the
mixture of CaCO; and MgCOs; is lesser than that of HCI solution. And

so the CO, is produced by the complete consumption of CaCO; and

eq. of CO, =

MgCO;.
eq. of CaCO; + eq. of MgCO; = eq. of CO,
x 368-x
50 + o - 0-08 (x =amount of CaCO;)

x=20g.

2
% of =——x 100 =54-34%
%o of CaCOjq 368>< 00 =54-34%,
% of MgCO; =100 — 54-34 = 45-66%.

Ex. 41. 125 g of a mixture of Na,CO; and Na,SO, was dissolved in 250 mL of
water. 25 mL of this solution required 20 mL of 0-1 N H,SO, solution for
exact neutralisation. Calculate the percentage of Na,COjz in the mixture.

Solution : In this problem only Na,CO; is neutralised by H,SO, .
Let the amount of Na,CO; be x g.

X

" equivalent of Na,COj, =3

... (Eqn. 4i)
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m.e. of Na,CO, = 53 % 1000

1
" m.e. of Na,CO; in 250 mL of the mixture solution = 050303( .
. . . 100x
m.e. of Na,CO; in 25 mL of the mixture solution = 53

Now m.e. of 25 mL of mixture solution
= m.e. of 20 mL of 0-1 N H,SO,

100x
53 0-1x20
x =106 g
% of Na,CO,; = >< 100 = 84-8%.

129

.. (Eqn. 3)

.. (Eqn. 2)

Ex. 42. 435 g of a mixture of NaCl and Na,CO; was dissolved in 100 mL of

water, 20 mL of which was exactly neutralised by 75-5 mL of N/10 solution
of Hy,SO,. Calculate the percentage of NaCl and Na,COj in the mixture.

Solution : In this problem, Na,CO; is neutralised by H,SO, solution. Let the

amount of Na,CO; be x g.

" equivalent of Na,COj; in 100 mL of solution = 53(3
. m.e. of Na,COj; in 100 mL of solution = % x 1000.
. . 1000x _ 20  200x
m.e. of Na,COj; in 20 mL of solution = 53 “700° 53

1
Now, m.e. of H,SO, solution = 0% 75-50.

* m.e. of Na,CO;=m.e. of H,SO,

% of Na,CO, = é5 x 100 = 45:99%,

% of NaCl =100 — 45-99 = 54-01%.

.. (Eqn. 4i)

.. (Eqn. 3)

.. (Eqn. 1)

.. (Eqn. 2)

Ex. 43. 1216 g of a sample of (NH,),SO, was boiled with excess of NaOH and

the ammonia gas so produced was absorbed in 100 mL of N H,SO, solution.

The unreacted H,SO, required 81-6 mL of normal solution of a base for exact

neutralisation. Calculate percentage amount of ammonia in ammonium sulphate.
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Solution : m.e. of unreacted H,SO, = m.e. of the base
=1x81-6=81-6.
m.e. of NH; =m.e. of H,SO, reacted with ammonia
= m.e. of total H,50O, — m.e. of unreacted H,SO,
=1x100-81-6=184.

equivalent of NH; = % ‘
Wt. of NH, =% x17 ... (Eqn. 4i)
=0-3128 g.
% of NH; in (NH, ), SO, = % x 100
=25:72%.

... (Eqn. 3)

Ex. 44. A solution contains Na,CO; and NaHCO; . 10 mL of the solution requires
2-5mL of 0-1 M H,SO, for neutralisation using phenolphthalein as an indicator.
Methyl orange is added when a further 2-5 mL of 0-2 M H,SO, was required.
Calculate the amount of Na,CO; and NaHCO; in one litre of the solution.

Solution : The neutralisation reactions are
2Na,CO; + H,S0, — 2NaHCO; + Na,SO,
2NaHCO; + H,SO, — Na,SO, + H,0 + CO,

The volume of H,SO, (2.5 mL), used while using phenolphthalein
corresponds to the volume required for conversion of Na,CO; to
NaHCO; while volume of H,SO, (2:5 mL) further added corresponds to
the volume required for conversion of NaHCOj; to Na,SO,. Thus at the

end point with phenolphthalein, we have,
m.e. of 2.5 mL of 0-1 M (i.e., 0-2 N) H,SO, =m.e. of Na,CO,

or 2:5x%0-2=m.e. of Na,CO,
or m.e. of Na,CO;=0-5.
Equivalent of Na,CO,= o>~
quivalent o 2,C03= 7550
Wt. of Na,CO; /10 mL= 1000 % 106 =0-053 g.

*(equivalent wt. of Na,CO; is 106 according to given reaction)
wt. of Na,CO; per litre =5-3 g.

Again with methyl orange, we have,

m.e. of 2.5 mL of 0-2M (i.e.,, 0-4 N) H,SO, solution

* Read page 91, Chapter 6.
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= m.e. of NaHCO; produced from Na,CO;
+ m.e. of NaHCO; originally present.

Since m.e. of NaHCO; (produced) = m.e. of Na,COs;.
2-5x4=m.e. of Na,CO;+m.e. of NaHCO; originally present.

1=0-5+m.e. of NaHCO; originally present.

m.e. of NaHCO; originally present =1 - 0-5=0-5.

equivalent of NaHCO; = % .
wt. of NaHCO; per 10 mL = ﬁ x84=0-042 g.

(eq. wt. of NaHCO; = 84 according to given reaction)
Wt. of NaHCO; per litre = 42 g.

Ex. 45. A solution contained Na,CO and NaHCOj; .25 mL of this solution required
5mL of 0-1 N HCl for titration with phenolphthalein as indicator. The titration
was repeated with the same volume of the solution but with methyl orange.
125 mL of 0-1 N HCI was required this time. Calculate the amount of
Na,CO; and NaHCO; in the solution.

Solution : Neutralisation reaction with phenolphthalein is
Na,CO; + HCl — NaHCO,; + NaCl
while with methyl orange, the reactions are,
Na,CO; + HCl — NaHCO,; + NaCl
NaHCO, + HCl — NaCl + H,0 + CO,
(produced)
and NaHCO,; + HCl — NaCl + H,0 + CO,
(originally present)

Thus,
we have with phenolphthalein,

m.e. of Na,CO;=m.e. of 5 mL of 0-1 N HCI

=0-1x5=0-5.
0-5
eq. of Na,CO;= 1000° 0-0005
wt. of Na,CO; = (0-0005x 106) g
=0-053 g.

{Eq. wt. of Na,CO; in the given reaction is 106}
And with methyl orange,
m.e. of Na,CO; + m.e. of NaHCO; + m.e. of NaHCO,
(produced) (originally present)
=m.e. of 12.5 mL of 0-1 N HCl
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or 05+0:5 + me. of NaHCO;=0-1x12-5=1-25
or m.e. of NaHCO,; =0-25

2
wt. of NaHCO; = 300?)

(eq. wt. of NaHCO; = 84)

X 84=0-021 g.

46. A mixed solution of KOH and Na,CO; required 20 mL of N/20 HCI
solution when titrated with phenolphthalein as indicator. But the same amount

of solution when titrated with methyl orange as indicator required 30 mL of
the same acid. Calculate the amount of KOH and Na,COs;.

Solution : Neutralisation reactions are

KOH + HCl — KCI +H,0O
Na,CO; + HCl — NaHCO; + NaCl
NaHCO; + HCl — NaCl + H,0 + CO,; methyl orange is used.

As discussed in the previous example we have with phenolphthalein,
m.e. of 20 mL of N/20 HCI = m.e. of KOH + m.e. of Na,CO;

]» phenolphthaleinis used

1
or m.e. of KOH + m.e. of Na,CO; =20 x 20 1. .. (D)

Now, with methyl orange,
m.e. of 30 mL of N/20 HCl
= m.e. of KOH + m.e. of Na,CO; + m.e. of NaHCO; produced.

Since m.e. of Na,CO; = m.e. of NaHCO; produced.

1
30 x =~ = m.e. of KOH + m.e. of Na,CO; + m.e. of Na,CO;

20
or m.e of KOH + 2 X m.e. of Na,CO,;=1-5. ... (2)
Subtracting Eqn. (1) from Eqn. (2), we get,
m.e. of Na,CO;=15-1=0-5 ... (3)
equivalent of Na,CO; = % .

1%30 x 106 =0-053 g.
(eq. wt. of Na,CO; =106)

From eqns. (3) and (1),
m.e. of KOH=1-0-5=0-5.

05

1000

wt. of Na,CO, =

Equivalent of KOH =

05 x56=0-028 g. (eq. wt. of KOH = 56.)

Weight of KOH = 1000
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Ex. 47. 50 mL of a solution, containing 1 g each of Na,CO, , NaHCO; and NaOH,
was titrated with N HCL. What will be the titre readings if
(a) only phenolphthalein is used as indicator?
(b) only methyl orange is used as indicator from the very beginning?
(c) methyl orange is added after the first end point with phenolphthalein?

Solution : (a) The titration reactions in this case are
Na,CO;+HCl — NaHCO, + NaCl
and NaOH +HCl — NaCl+H,0
Thus, we have,
m.e. of Na,CO; + m.e. of NaOH = m.e. of v; mL (say) of N HCI

1 1
RX1000+EX1000_1X01' s v;=344 mL.

(b) The reactions in this case are,
Na,CO;+HCl — NaHCO, + NaCl
NaHCO;+HCl — NaCl+H,O + CO,
(produced)
NaHCO; +HCl — NaCl+H,0 +CO,
(originally present)
and NaOH + HCl — NaCl + H,0O
Thus, we have,
me. of Na,COj; + mee. of NaHCO ; + m.e. of NaHCO ; + m.e. of NaOH
(produced) (originally present)
= m.e. of v, mL (say) of N HCl

1 1 1 1
m><1000+m><1000+@><1000+E><1000:1><v2

v, =55-8 mL.
(c) The reactions in this case are,

NaHCO; (produced) + HC1 — NaCl + H,O + CO,
and NaHCO; (originally present) + HCl — NaCl + H,0 +CO,
Thus we have,

m.e. of NaHCO; + m.e. of NaHCO; = m.e. of v; mL (say) of N HCl
(produced)  (originally present)
or m.e. of Na,COj3; + m.e. of NaHCO ; = mee. of v; mL (say) of N HCI

1 1
mx1000+g><1000—1><v3.

v;=21-3 mL.
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Ex. 48. 1.245 g of CuSO, - x H,O was dissolved in water and H,S was passed
into it till CuS was completely precipitated. The H,SO, produced in the filtrate
required 10 mL of N NaOH solution. Calculate x.

Solution : CuSO, +H,S — CuS+H,SO,
m.e. of CuSO, - x H,O solution = m.e. of H,SO,
=m.e. of 10 mL of N NaOH
=1x10=10.

*. number of equivalent of CuSO, - x H,O solution = 1000

Weight of CuSO, - x H,0O = equivalent x eq. wt.
10 1595 +18x

1000 2
{eq. wt. of CuSO, - xH,0= 1592&}
10 1595+ 18x .
Thus, 7505 X—5 =124 (given)
18x =895

x=D5.

Ex. 49. A 10 mL of K,Cr,O; solution liberated iodine from KI solution. The liberated
iodine was titrated by 16 mL of M/25 sodium thiosulphate solution. Calculate
the concentration of K,Cr,O, solution in grams per litre.

Solution : Cr,O% + 14H "+ 61~ = 2Cr°* + 7H,0 + 31,

+12 +6

B T DA

S0 +5 L = 5507 +1

+4 +5

mol. wt.
Eq. wt. of K,Cr,0O, = change in ON per mole

29418
T 6
=49.03.

m.e. of 10 mL of K,Cr,O, solution = m.e. of iodine

=m.e. of sodium thiosulphate

1
:EX 16 =0-64.

equivalent of 10 mL of K,Cr,O; solution = % =0-00064.
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weight per 10 mL = 0-00064 x 49-03
=0-0313 g.
concentration of K,Cr,0O; in grams per litre = 0-0313 x 100
=313g/L.

Ex. 50. Mercuric iodate [Hgs (10),] reacts with a mixture of KI and HCl according
to the following equation:
Hgs(I10;), + 34KI + 24HC1 — 5K,Hgl, + 81, + 24KCl + 12H,0
The liberated iodine is treated with Na,S,05 solution, 1 mL of which is
equivalent to 0-0499 g of CuSO, - 5H,0. What volume (in mL) of Na,S,05
solution will be required to react with iodine liberated from 07245 g of
[Hgs 10;),]?  (Hg = 200-5; Cu = 63-5; I = 127)
Solution : From the stoichiometry of the given equations,
Hgs (I0y), + 34KI + 24HCl — 5K,Hgl, + 81, + 24KCl + 12H,0
and 2CuS0O, - 5H,0 +4KI — Cu,l, +2K,S0O, +1,,
we have,

8 x moles of Hgs (10;), = moles of I,
and moles of CuSO, -5H,0 =2 xmoles of I,.

1
moles of I, = 5% moles of CuSQO, - 5H,0O

= 8 x moles of Hgs (I0;),
or moles of CuSO, - 5H,O =16 x moles of Hg(IOy),
wt of CusO;-5H,0 07245 CuSO, - 5H,0 = 2495 }
249.5 1448-5 Hg; (10;), = 14485
wt. of CuSO, - 5H,0=19967 g.
Since 0-0499 g of CuSO, - 5H,0 =1 mL of Na,5S,0;

1-9967
0-0499

1.9967 g of CuSO,.5H,0 = =40 mL.

Ex. 51. Calculate the concentration of Na,S,0; - 5H,O solution in grams per litre,
10 mL of which just decolourised 15 mL of N/20 iodine solution.

1
Solution : S0 +1, — 58,00 +17
+4 +5

mol. wt.

Fq. wt. of Na,5,05 - 5H,0 = change in ON per mole
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m.e. of 10 mL of Na,5,0; - 5H,0 solution = m.e. of iodine solution

1
%X15 0-75.

075

Equivalent of 10 mL of Na,S,0; - 5H,0 = 1000

075
Weight per 10 mL =

1000 - X248=0-186 g.

1000
10

=186g/L.

Concentration of hypo in grams per litre = 0-186 x g/L

52. 25 mL of 0-017 M H,SOj5, in strongly acidic solution required the addition
of 169 mL of 0-01 MMnO; for its complete oxidation to SO;~ or HSO;. In

neutral solution it required 28-6 mL. Assign oxidation numbers to Mn in each

of the products.

change in ON =2

Solution :  HSO; SQ%* or HSO,
+4 +6 +6
0-017 M HSO; =2 x0-017 N ... (Eqn. 6i)
=0-034 N.
In the first case suppose the ON of Mn in the product is X
0-01 M MnOj; = 0-01(7 - X) N MnO, ... (Eqn. 6i)
m.e. of HSO; =m.e. of MnO,
+7
0-034 x25=0-01 (7 - X) 16:9
0-034 x 25
77X 169x001 W

or X=2.
Now in the second titration, suppose the ON of Mn in the product is Y.

001 MMnO; =0-01 (7-Y) N MnO;
0-034 x 25 =0-01 (7 - Y) x 28:6

0:034x25
001 x286

Y =4

7-Y=
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Ex. 53. A polyvalent metal weighing 0-1 g and having atomic weight 51 reacted
with dilute H,SO, to give 43-9 mL of hydrogen at STP. The solution containing
the metal in this lower oxidation state, was found to require 58-8 mL of
0-1 N permanganate for complete oxidation. What are the valencies of the metal?

Solution : Suppose the lower oxidation number of the metal is X.
Given that:
metal + H,SO, — H,

01lg 439 mL at STP
01 439
51X ¢4 11200 T

(eq. wt. of the metal = ot and volume occupied by 1 eq. of

X
hydrogen at NTP = 11200 mL.)
Now, eq. of the metal = eq. of hydrogen
01 439
51X~ 112000 * -

Further, the metal is changing from lower oxidation number 2 to higher
oxidation number, say, Y.

51 51
change in ON Ty-2’
Eq. of metal = eq. of KMnO,

m.e. of KMnO,
- 1000 '
0-1 0-1x58-8
51(Y-2) 1000
Y =5.

eq. wt. of the metal =

Ex. 54. 4-08 g of a mixture of BaO and an unknown carbonate MCO; was heated
strongly. The residue weighed 3-64 g. This was dissolved in 100 mL of 1 N

HCL The excess of acid required 16 mL of 25N NaOH for complete
neutralisation. Identify the metal M.

Solution : 408¢g 364g (408-3-64)=044¢g
BaO + MCO, — BaO + MO + CO,
L 1 [

BaO does not change on heating.
Suppose the weight of MCO; is x g and at. wt. of M is y
MCO; - MO + CO,
xg [3-64 — (408 — x) ] 044 g
=(x-044)¢g.
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Applying POAC for M and C atoms, we get, (p. 4, Chapter 1)
X (x—044) O
y+60  y+16 "
X 0-44
=—=U 1 e 2
and y+60 44 00 @)
From eqns. (1) and (2), we have,
X040 )
y+16
Now, m.e. of NaOH = 2-5 x 16 = 40. ... (Eqn. 1)

m.e. of excess acid = 40.

m.e. of the acid used to neutralise BaO and MO
= m.e. of total acid — m.e. of excess acid

=1x100 - 40 = 60.
. 60
eq. of the acid = 1000 - 0-06 = eq. of BaO + eq. of MO
or A8 -x  (=04D 06 @

154/2  (y+16)/2
[eq. wt. of BaO:%; eq. wt. of MO:y+16]

2

x—0-44
6

Substituting the value of ] from Eqn. (3) in Eqn. (4),

we get, x=1 and y=40.
Hence, the metal M must be Ca.

55. (a) (i) A sample of MnSQO, - 4H,0 is strongly heated in air. The residue is
Mn;0,.

(ii) The residue is dissolved in 100 mL of 0-1 NFeSO, containing dilute
H,S0,.

(iii) The solution reacts completely with 50 mL of KMnO, solution.

(iv) 25 mL of the KMnO, solution used in step (ii) requires 30 mL of 0-1 N
FeSOy, solution for complete reaction.

Find the amount of MnSO, - 4H,O present in the sample.

(b) 0-5 g of fuming H,SO, (oleum) is diluted with water. The solution is

completely neutralised by 26-7 mL of 0-4 N NaOH. Find the percentage of free
SO; in the sample of oleum.

Solution : (a) m.e. of 25 mL of KMnO, solution

= m.e. of 30 mL of 0-1 N FeSO, solution
=0-1x30=3
m.e. of 50 mL of KMnO, solution =2 x 3 =6.
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m.e. of FeSO, (remained which did not react with Mn,O,) =6.
Now, m.e. of total FeSO, solution = 0-1 x 100 = 10.
m.e. of FeSO, oxidised by Mn;O,=10-6=4
m.e. of Mn,0,=4
4
eq. of Mn;0, = 1000
From the redox reaction

Mn,O, + Fe?* — 3Mn?* +Fe’*

+8 +6
. mol. wt.
Equivalent wt. of Mn;0, = change in ON per mole
229
= = 114-50

wt. of Mn O, = equivalent x eq. wt.

= m x 114-5 = 0-458 g.

As given in the problem, Mn;O, is obtained by heating MnSQO, - 4H,0.

MnSO, - 4H,0 i> Mn;0O,
Applying POAC for Mn atoms, we get, (p. 4, Chapter 1)
1 X moles of MnSOj - 4H,0 =3 x moles of Mn;O,
wt. of MnSO, - 4H,0 3 % 0-458

mol. wt. of MnSO, - 4H,0 229

3x0-458 o
229

=1338g.

wt. of MnSO, - 4H,0= 223

(b) Reactions involved are
SO, +2NaOH — Na,SO, + H,0O
H,SO, +2NaOH — Na,SO, +2H,0

Eq. wt. of SO; = % =40.

Eq. wt. of H,SO, = 92—8 =49.

Now, m.e. of SO; + m.e. of H,SO, = m.e. of NaOH.
eq. of SO; x 1000 + eq. of H,SO, x 1000 = 0-4 x 26:7.
Suppose the wt. of SO; is x g.
wt. of H,SO,=(0-5-x) g.
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x  (05-x o
0t g =04%267,x=01036 8.
% of SO, = 01036 . 100 = 20-67%.

Ex. 56. A mixture of H,C,O, (oxalic acid) and NaHC,O, weighing 2-02 g was
dissolved in water and the solution made up to one litre. 10 mL of the solution
required 3 mL of 0-1 N NaOH solution for complete neutralisation. In another
experiment, 10 mL of the same solution, in hot dilute H,SO, medium, required
4 mL of 0-1 N KMnOy solution for complete reaction. Calculate the amount of
H,C,0, and NaHC,O, in the mixture. (IIT 1990)

Solution : Let the wt. of H,C,O, in 10 mL of the solution be x g. The weight
of NaHC,0O, in 10 mL will be (0-0202 - x) g.
In the first experiment, H,C,0, and NaHC,O, are neutralised by NaOH
changing into Na,C,0,. The eq. wt. of H,C,0, and NaHC,O, will,
therefore, be 90/2 and 112 respectively.

Thus,
m.e. of H,C,0, + m.e. of NaHC,O, = m.e. of NaOH

x (00202 — x) ~
505 X 1000 + T % 1000 = 01 x 3. (D)

In the second experiment, both H,C,0, and NaHC,O, are oxidised to
CO, by KMnO, . The equivalent weight of H,C,0, and NaHC,O, will,

therefore, be 90/2 and 112/2 respectively (CZOf_ — 2C0O, J

+6 +8
Thus,
m.e. of H,C,0, + m.e. of NaHC,0, = m.e. of KMnOQ,
ﬁx1000+(0'01210#x1000=0-1x4. Q)
Subtracting (1) from (2), we get,
0-0202-x 01
112 71000

. x=0-009 g/10 mL of solution.
The 1000 mL of solution contains
H,C,0,=09¢g
and NaHC,0,=2:02-09=112g.

[Note: This question may be solved by the data of the first experiment only.]

Ex. 57. A solution of 02 g of a compound containing Cu*>* and C,O3 ions on
titration with 0-02 M KMnO, in presence of H,SO, consumes 22-6 mL of the



Solution : At the first stage, C,03 " is oxidised to CO, by the oxidant KMnO,.
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Solution : m.e. of available chlorine in 25 mL of bleaching powder solution
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oxidant. The resultant solution is neutralised with Na,COs, acidified with dilute
acetic acid and treated with excess KI. The liberated 1, required 11-3 mL of
0-05 M Na,S,05 solution for complete reduction. Find out the mole ratio of

Cu** to C,0i in the compound. Write down the balanced redox reactions

involved in the above titrations.

5C,03” +2MnO; +16H* — 10CO, + 2Mn** + 8H,O
+7 +2
normality of KMnO, solution =0-02 x (7 -2) =0-1 N.

At the second stage, Cu®* liberates I, from KI and this liberated I, requires

11-3 mL of 0-05 M Na,S,0; solution for complete reaction.
2Cu? 4217 — 2Cu*+1,
25,02 +1, —» S0 +2I°
+4 +5
Normality of Na,S,0; solution = 0-05(5 - 4) =0-05 N.

mee. of Cu?* me. of Na5,0; 005x11-3 1
Now, = = —=.
me. of C,0}~ m.e.of KMnO, 01x223 4
As Cu?* - Cu' and G0} — 2CO,
+2 +1 +6 +8
mmol of Cu?*x1 1
mmol of C,02 x2 4
mole of Cu?" 1
or — 7y

mole of C,0; "~

58. 1-25 g of a sample of bleaching powder is dissolved in 100 mL of water and
25 mL of which are treated with KI solution. The iodine so liberated required
12:5 mL of N/25 hypo solution in titration. Find the percentage of chlorine

available from the sample of bleaching powder.

= m.e. of iodine liberated
= m.e. of hypo solution
1
= g x12:5=0-5.
0-5x100 _ 5

m.e. of available chlorine in 100 mL = 25

. . 2
eq. of available chlorine = 1000
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wt. of available chlorine in 1-25 grams of bleaching powder

02 ‘
=7000 35-5=0-071g. (eq. wt. of chlorine = 35-5)
percentage of available chlorine = 0.0751 % 100
=5-68%.

Ex. 59. An equal volume of a reducing agent is titrated separately with 1 M

KMnO, in acid, neutral and alkaline media. The volumes of KMnO, required
are 20 mL in acid, 33-4 mL in neutral and 100 mL in alkaline media. Find
out the oxidation state of manganese in each reduction product. Give the balanced
equations for all the three half reactions. Find out the volume of 1 M K,Cr,O,
consumed, if the same volume of the reducing agent is titrated in acid medium.

(IIT 1989)

Solution : Given that:

acidic

Mn+x1

neutral

KMnO, + reducing agent Mn* "

alkaline Mt s

where x;, x, and x; are the oxidation states of Mn in the product in acidic,

neutral and alkaline media respectively. Since equal volumes of the

reducing agent is used in each titration,

m.e. of reducing agent = m.e. of KMnO, in acidic medium
= m.e. of KMnOj in neutral medium
= m.e. of KMnOj in alkaline medium

1x(7-x)x20=1x (7 -x,) x 334
=1x (7 —x3) x 100

[m.e. =NxV (mL) ; N=M x change in ON]

7-x1 7-% 7-X3

or 5 3 1

On inspection, we see that the equality exists for

or

X;=+2,x,=+4and x;=+6 as xy, x, and X3 can never be greater than 7.

The balanced chemical equations of all the three half reactions are

MnO; +8H"+5e —
MnO, +2H,0+3e —

MnO, +e —

Further, in acidic medium,

Mn?* +4H,0 (acidic medium)
MnO, +40H "~ (neutral medium)
+4

MnO?~ (alkaline medium)
+6
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Cr,0;7" — 2Cr’*; change in ON=6
+12 +6
normality of K,Cr,O, solution=1x6=6N.
Let the volume of K,Cr,O, solution be v mL.
m.e. of K,Cr,0O, =m.e. of KMnO, in acidic medium
6xv=5x20 (normality of KMnO, =5 N)
v=16-67 mL.

Ex. 60. A 1.0-g sample of Fe,O; solid of 55-2 per cent purity is dissolved in acid
and reduced by heating the solution with zinc dust. The resultant solution is
cooled and made up to 100 mL. An aliquot of 25 mL of this solution requires
17 mL of 0-0167 M solution of an oxidant for titration. Calculate the number
of electrons taken up by the oxidant in the reaction of the above titration.

(IIT 1991)

Solution : Weight of Fe,O;=0-552¢.

Fe,O; — 2FeO
0-552 +6 +4
80 160

eq. wt. of Fe,O; = - = 80

Let the number of electrons taken up by the oxidant in the reaction be n

Number of eq. of Fe,0O; =

(i.e., the change in oxidation number).
- normality of the oxidant =0-0167 n N.
m.e. of the oxidant =0-0167 n x 17.
m.e. of 25 mL of Fe?* solution = 0-0167 1 x 17
m.e. of 100 mL of Fe** solution =4 x0-0167 n x 17
. 68 x 0-0167 n
eq. of 100 mL of Fe’* solution = 000
eq. of Fe,0O;= eq. of FeO
0552 68 x0-0167n
80 1000 '

Ex. 61. 1.6 g of pyrolusite ore was treated with 50 cc of 1.0 N oxalic acid and some
sulphuric acid. The oxalic acid left undecomposed was raised to 250 cc in a
flask. 25 cc of this solution when titrated with 0-1 N KMnO, required 32 cc
of the solution. Find out the percentage of pure MnO, in the sample and also
the percentage of available oxygen.

Solution : m.e. of the remaining 25 mL of oxalic acid = m.e. of KMnO,
=01x32=32
m.e. of 250 mL of oxalic acid = 32.
. m.e. of MnO, = m.e. of oxalic acid reacted =1 x 50 — 32 =18.
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18

t. of M = —— .
wt. o I102 1000 x 435 Mn4+ Mn2+
7
= 0783 g. Evno. = 8 = 435
2 2
-7
% MnO, = % x 100 = 48:9%.
. 0-783
Mole of O in MnO, = 2 x mole of MnO, = 2 x 7 0-018.

Wt. of O = 0018 x 16 = 0-288 g.

8 x 100 = 18%.

% of available oxygen =
Ex. 62. The iodide content of a solution was determined by titration with cerium (IV)
sulphate in the presence of HCl, in which 1" is converted to ICL. A 250 mL
sample of the solution required 20 mL of 0-05 N Ce** solution. What is the

iodide concentration in the original solution in g/L?
Solution : m.e. of iodide = m.e. of Ce*"
=20 x 005 = 1.

. o 1
. normality of iodide = 250 N

For, I~ —— ICl
-1 +1

change in ON of I" = 2.

Eq. wt. of I" = %

C g . 1
. iodide concentration = 250 X ) g/L

= 0254 g/L.

Ex. 63. To a 25 mL H,O, solution, excess of acidified solution of KI was added.
The iodine liberated required 20 mL of 0-3 N Na,S,0; solution. Calculate the
volume strength of H,O, solution. (IIT 1997)

Solution : m.e. of 25 mL of H,0O, = m.e. of I, = m.e. of Na,5,0;
=20 x 03 = 6.
normality of H,O, = % eq/L

Let the volume strength of H,O, be xV’. Thus,
1 litre of H,O, produces x litres of O, at NTP.
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. equivalent of H,0,/L = eq. of O, = % = 5L6
X _6
56 25

x = 1.344.

The volume strength of H,O, is ‘1-344V".

64. One litre of a mixture of O, and Oy at NTP was allowed to react with an
excess of acidified solution of KI. The iodine liberated required 40 mL of M/10
sodium thiosulphate solution for titration. What is the weight per cent of ozone
in the mixture? Ultraviolet radiation of wavelength 300 nm can decompose
ozone. Assuming that one photon can decompose one ozone molecule, how many
photons would have been required for the complete decomposition of ozone in
the original mixture? (IIT 1997)

Solution : The reactions involved are

Ex.

2KI + H,O + O =2KOH + I, + O,
I, + 2Na,5,0; = Na,5,04 + 2 Nal
From the stoichiometry of the equations, we get,

1
mole of O; = mole of [, = > mole of Na,5,0;

1 40 1 1

2 %1000 * 10 ~ 500

48
Wt. of O3 = 500 = 0-096 g.
Volume of O; at NTP = % = 0-0448 litre.
Volume of O, =1 — 0-0448 = 0-9552 litre.
0-9552
Wt. of Oy = —— 2 = 13654 g.
of O, a1 = 3 3654 g
0-096
. 00 - - = N 7 OO.
Wt. % of O, 0.09% + 13652 > 100 = 657 %
Further,
022 x 10
number of photons = no. of O; molecules = %
= 12x10" -

65. A 3-g sample containing Fe;O,, Fe,O; and an inert impure substance is
treated with excess of KI solution in presence of dilute H,5SO,. The entire iron
is converted into Fe** along with the liberation of iodine. The resulting solution
is diluted to 100 mL. 20 mL of the diluted solution requires 11 mL of 0-5 M
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Na,S,05 solution to reduce the iodine present. 50 mL of the diluted solution,
after complete extraction of the iodine requires 12-8 mL of 0-25 M KMnOj,
solution in dilute H,SO, medium for the oxidation of Fe**. Calculate the
percentages of Fe,O; and Fe;O, in the original sample. (IIT 1996)

Solution : Let the amount of Fe;O, and Fe,O;in the sample be x and y moles

Ex.

respectively. Thus the mixture contains x moles of FeO and (x +y) moles
of Fe,Os.

In the first titration KI is oxidised to I, and so Fe,O; is reduced.
(Fe,O; — 2 FeO ; change in ON = 2)

+6 +4
m.e. of Fe,0O; = m.e. of I, = m.e. of Na,5,0,
(x + y)x2x1000 = 5x11x0-5 = 275. o (D)

After the first titration, all the iron is in Fe?* state, i.e., FeO, which is now
titrated with KMnO, to oxidise Fe** to Fe®".

Total moles = moles of FeO + moles of FeO
of FeO (originally present) (produced by red. of Fe,O;)
={x+2(x + y)}
Thus,
m.e. of FeO = m.e. of KMnO,
[x +2(x+y)} x 1000 = 2 x 12.8 x 025 x 5 = 32. ... (2)
Solving (1) and (2), we get
x = 0-0045.
. wt. of Fe;O, = 0-0045 x 232 = 1.044 g.
Percentage of Fe;O, = % x 100 = 34-8 %.
Substituting the value of x in equation (1), we get,
y = 0-00925.
- wt. of Fe,0; = 0:00925 x 160 = 1-49 g.
Percentage of Fe,O; = % x 100 = 4966 %.

66. A sample of hard water contains 96 ppm of SOj and 183 ppm of
HCO;, with Ca** as the only cation. How many moles of CaO will be required

to remove HCOj from 1000 kg of this water? If 1000 kg of this water is
treated with the amount of CaO calculated above, what will be the concentration
(in ppm) of residual Ca>* ions? (Assume CaCOs, to be completely insoluble in
water.) If Ca®* ions in one litre of the treated water are completely exchanged
with hydrogen ions, what will be its pH? (One ppm means one part of the
substance in one million parts of water, weight/weight.) (IIT 1997)

Solution : Ca(HCO3), + CaO = 2CaCO; + H,0
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Mole of CaO = mole of Ca(HCO,), in 10° g of solution
= % x mole of HCO;

1 183
= E XH = 1-5.

147

As CaCO; is assumed to be completely insoluble in water, Ca** ions left

are, therefore, those associated only with SO} ion (96 ppm).

For CaSO,, we have,

mole of Ca**/10° g = mole of SO; /10° g = % mole/10° g
=1 mole/10° g.
Wt. of Ca®* in g/10° g = 40 g/10° g = 40 ppm.
Now, assuming density of solution to be 1 g/mL,
mole of Ca* per litre = mole of SO} per litre
9% _ 10°
" 107 " %
If Ca®" is replaced by H,
[H']=2x10°M
pH = —log 2x107) = 2.7.

=102 M.

67. A sample of Mg was burnt in air to give a mixture of MgO and Mg;N,.
The ash was dissolved in 60 m.e. of HCl and the resulting solution back titrated
with NaOH. 12 m.e. of NaOH were required to reach the end point. An excess
of NaOH was then added and the solution distilled. The ammonia released was
then trapped in 10 m.e. of second acid solution. Back titration of this solution
required 6 m.e. of the base. Calculate the percentage of Mg burnt to nitride.

Solution :

First Method : m.e. method
m.e. of MgO + m.e. of Mg;N, =m.e. of HCI reacted

= m.e. of total HCI — m.e. of NaOH

=60-12=48.

In the dissolution of ash, HCI reacts with total Mg in Mg;N, and in MgO

and also with N in Mg;N,.
m.e. of total Mg + m.e. of N = 48
or m.e. of total Mg + m.e. of NH; =48
m.e. of total Mg =48 -4 =44.

Further, Mg converted to Mg;N, whose N converts to NH,Cl (or NHj;),

m.e. of Mg converted to Mg;N, =3 xm.e. of NH;4
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=3x (10 - 6)
=12.

12
percentage of Mg converted to Mg;N, = 12 < 100
=27.27%.

Second Method : Mole Method

The reactions involved are
Mg — MgO; MgO + 2HCI = MgCl, + H),O

xmmol (say) Xmmol xmmol

Mg — Mg;N,; MgN, + 8HCl = 3MgCl, + 2NH,Cl

y mmol (say) y y 2y
3 mmol 3 mmol 3 mmol
8y
2x mmol of HCI + 3 mmol of HCI
= total mmol of HCl — mmol of NaOH
=60-12=48
20+ _ 48 )
3

Further, mmol of NH,Cl=mmol of NH; = (10 - 6)
or 2z =4. ... (2)

3
From eqns. (1) and (2), one can calculate: x =16 and y = 6.

percentage of Mg converted to Mg;N, = % =27.27%.
x+y
(Note: Mole method is more convenient to equivalent method.)

Ex. 68. Hydrogen peroxide solution (20 mL) reacts quantitatively with a solution
of KMnO, (20 mL) acidified with dilute H,SO,. The same volume of the
KMnO, solution is just decolourised by 10 mL of MnSO, in neutral medium
forming a dark brown precipitate of hydrated MnO,. The brown precipitate is

dissolved in 10 mL of 0.2 M sodium oxalate under boiling condition in the
presence of dilute H,SO,. Write the balanced equations involved in the reactions

and calculate the molarity of H,O,. (IIT 2001)

Solution : m.e. of H,O, in 20 mL solution
= m.e. of 20 mL of KMnO,
= m.e. of 20 mL of MnSO,
= m.e. of MnO,
= m.e. of Na,C,0,
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=04x10 (normality = molarity x change in ON)

=4.

Eq. of H,0, in 20 mL solution

__4

~ 1000

1
Mole of H,0,/20 mL = 1000 %3
. 4 1000

Molarity (mole/L) = 2000 X 0

=0.1M.

The reactions involved are,
5H,0, + 2KMnO, + 3H,SO, = 2MnSO, + K,SO, + 8H,0 + 50,
2KMnO, + 3MnSO, + 2H,0 = 5Mn0O, + K,SO, + 2H,0O
MnO, + Na,C,0, + 2H,S0, = MnSO, + Na,SO, + CO, + 2H,0

Ex. 69. You are given a 2.198-g sample containing a mixture of XO and X,0;. It
requires 0.015 mol of K,Cr,O, to oxidise the sample completely to form XOj
and Cr*. If 0.0187 mole of XOj is formed, what is the atomic mass of X?

Solution : change in ON = 6
mg (2198-m)g | |
X0 + X,0; + KCr,0, — 2XO; + XOj + 2Cr**
+2 +6 +12 +14 +7 +6
‘ change in ON = 8 |
change in ON =5

Applying POAC for X atoms of atomic mass, say x,
mole of XO +2 x mole of X,0; =mole of XO,
m o 2(2.198 - m)
x+16 2x +48
Applying law of equivalence,
eq. of XO + eq. of X,0;=eq. of K,Cr,O,
m_ (2.198 —m)

=0.0187 - o (D)

=0.01 (2
x+16 2x +48 x8=0.015x6 @
Solving eqns. (1) and (2),
x =100.04.

Ex. 70. The arsenic in a 1.22-g sample of a pesticide was converted to AsO; by

suitable chemical treatment. It was then titrated using Ag* to form AgzAsO,
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as a precipitate. If it took 25 mL of 0.102 M Ag" to reach to equivalence point
in this titration, what is the percentage of arsenic in the pesticide?  (As = 75)

Solution : The reaction
3Ag"+ AsO} — Ag;AsO;
is not a redox reaction but a precipitation reaction. The equivalent weights
108

of AsO; and Ag" are given by E AsO) = % and E, * = ER

Now, m.e. of AsO} =m.e. of Ag"=mmol of Ag"

=0.102 x 25 =2.55.
2.55
- _ o
Eq. of AsOy = 1000 = 0.00255.

Mole of AsO} = 0'02255 =0.00085.

Mole of As = 0.00085.
Wt. of As =0.00085 x 75 =0.06375 g.
Percentage of arsenic in the pesticide

_ 0.06375
T 122

=5.22%.

x 100

Ex. 71. A mixture containing As,Oy and As,Os required 20 mL of 0.05 N iodine
for titration. The resulting solution is then acidified and excess of KI was added.
The liberated iodine required 1.0 g of Na,S5,0,-5H,0 for complete reaction.
Calculate the weight of the mixture. (As =75, 0 =16,5 =32, Na = 23)

Solution : m.e. of As,0O;=m.e. of iodine

=20x0.05=1.0.
1. 1
Wt. of As,O; =%X% g =0049 g
As,O3 + I, = As,O5 + I'; Ep o = 198
+6 +10 = 4
m.e. of As,O; + m.e. of As,0O5 = m.e. of],

(produced by As,O5) (in the mixture)
= m.e. of Na,5,0;
or m.e. of As,O; + m.e. of As,O5 = m.e. of Na,S,0;

1.0 + m.e. of As,O5= ﬁ % 1000
m.e. of As,O5 = 4.032.
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4.032 230
Wt. of As,Oy5 in the mixture = T000 X 1
-0232g.
2
As,O5+1 — ASZO3 +1; Eps O _20
+10 = 4

. wt. of (As,O5+ ASZO5) =0.0495+0.232 g =0.2815 g.

72. A sample of 0.15 g of the compound [Pt(NHy),Br,]*" - z Br", ignited and
heated to decomposition produced 0.0502 g of Pt. A second 0.15-g sample was
dissolved in water and titrated rapidly with 0.01 M AgNO; solution. 51.50 mL
was required to precipitate all the ionic bromide. A third 0.15-g sample was
heated for two hours on a steam bath in a solution to which 0.2 mole of
AgNO; has been added. This precipitated all the bromide (not just the free ionic

Br') as AgBr. The weight of the precipitate thus produced was 0.20 g. Find x,
y and z. (Pt =195, Ag =108, Br =80, N = 14 and H = 1)

Solution : [P{(NHy),Br,]"" - zBr” —— Pt

Applying POAC for Pt atoms,
1 X mole of the compound =1 x mole of Pt

0.15 0.0502
M~ 195 - ()
where M =195 +17x + 80y + 80z. ... (2)

For 0.15 g of the second sample containing z Br atoms per molecule (only
the ionic bromide), one molecule of the compound shall combine with z
molecules of AgNO; to give z molecules of AgBr.
{Pt(NH,),Br,}*"-zBr™ + zZAgNO, — zAgBr
Applying mole ratio method to reactants
z x mole of the compound = 1 x mole of AgNO,
0.15 0.01x51.5
zZ X M- 1000 ... (3)
For the 0.15 g of the third sample, all bromine atoms (y+z) in the
compound combine with AgNO; to give (y + z) molecules of AgBr,
[Pt (NH,),Br, ] - z Br + (y +2) AgNO; — (y +z) AgBr
Applying mole ratio method,
(v +z) xmole of the compound =1 x mole of AgBr
0.15 0.20
(y+z)>< =1x 188 . (4)
Solving equations (1), (2), (3) and (4), we get,
x=4, y=2 and z=2.
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Ex. 73. 10 mL of tap water containing Ca** and Mg in the presence of HCO;

was properly buffered and the indicator murexide added. The sample was diluted
and heated to 60°C. Titration with 0.01 M EDTA solution changed the indicator
colour at 7.50 mL. This complexed Ca** only.

A second 10-mL sample was made basic and Erio T indicator added.
Titration with 0.01 M EDTA solution changed the indicator colour at 13.02 mL.
Under these conditions both Ca*" and Mg** are complexed.

If the 10 mL of water sample were to be evaporated to dryness, what weight
of CaCO; + MgCO; would be formed?

Solution : All EDTA complexes are formed on a one-to-one basis with

dipositive ions.
Mole of Ca** + Mg*" = mole of CaCOj, + mole of MgCO;

0.01 x 13.02 5
=000 - 13x 10
Mole of Ca* =mole of CaCO,
0.01x750 S
=000 =7.50x%x10".

mole of MgCO;=13x107-7.50x 10°=5.5x10".

weight of CaCO;+MgCO;=7.50 x 107° x 100 + 5.5 x 107 x 84

=121x107g.
(CaCO; =100, MgCO, = 84)

PROBLEMS

(Answers bracketed with questions)

. Calculate the strength in g/L of 3 N HCl and %HZSO4 solutions.  (109-5, 24-5)

. How many mL of 1 M sulphuric acid is required to neutralise 10 mL of 1 M

sodium hydroxide solution? (5 mL)

. 2 litres of ammonia at 13°C and 0-90 atmospheric pressure is neutralised by 134 mL

of H,SO, solution. Find the normality of the acid. (057 N)

. What weight of CuSO, - 5H,0 must be taken to make 0-5 litre of 0-01 M copper

(II) ion solution? (1248 g)

. (a) Calculate the molarity of hydrogen chloride in a solution when 0-365 g of it

has been dissolved in 100 mL of the solution.

(b) 3 g of a salt of molecular weight 30 is dissolved in 250 g of water. The molality
of the solution is ... . [(@) 0-1 M (b) 0-4 m]
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. Derive a formula for the volume of water, V,, which must be added to V; mL of

concentrated solution of molarity M, to give a solution of molarity M,.

{Vz _ Vl (MA;IZ_ Mz)}

. Find the equivalent weight of H,PO, in the reaction

[Ca(OH), + H,PO, = CaHPO, + 2H,0] (49)

. A 250-mL sample of 0-20 M hydrochloric acid is to be made by diluting the

approximate amount of the concentrated reagent 11-7 M. What volume of the latter
should be used? (427 mL)

. How many mL of each of two hydrochloric acids of strengths 12 N and 3 N are

to be mixed to make one litre of 6 N solution? (333-33 mL, 666-67 mL)

What volumes of 2 M and 6 M solutions of HCI have to be mixed to prepare
500 mL of a 3 M solution? Disregard the change in the volume in mixing.

(375 mL, 125 mL)
1 litre of a solution contains 18-9 g of HNO, and 1 litre of another solution contains

3-2 g of NaOH. In what volume ratio must these solutions be mixed to obtain a
solution having a neutral reaction? (1:375)

10 mL of sulphuric acid solution (sp. gr. = 1-84) contains 98% by weight of pure
acid. Calculate the volume of 2-5 N NaOH solution required to just neutralise the
acid. (1472 mL)

What is the molarity and molality of a 13% solution (by weight) of H,SO, solution?

Its density is 1-090 g/mL. To what volume should 100 mL of this acid be diluted
in order to prepare 1-5 N solution? (145 M, 1-52 m, 193-3 mL)

How many mL of concentrated sulphuric acid of sp. gr. 1.84 containing 98%
H,SO, solution by weight is required to prepare 200 mL of 0-5 N solution?

(271 mL)
26 mL of a 1 N Na,CO, solution is neutralised by the acids A and B in different

experiments. The volumes of the acids A and B required were 10 mL and 40 mL
respectively. How many volumes of A and B are to be mixed in order to prepare
1 litre of normal acid solution? (179-4, 820-6)

25 mL of a solution of Fe’" ions was titrated with a solution of the oxidising agent
Cr,05™. 3245 mL of 0-0153 M K,Cr,O, solution was required. What is the molarity
of the Fe** solution? (0-1192 M)

Upon heating a litre of a %HCI solution, 2:675 g of hydrogen chloride is lost and

the volume of the solution shrinks to 750 mL. Calculate (i) the normality of the
resultant solution (ii) the number of milliequivalents of HCI in 100 mL of the
original solution. (0-569 N, 50)

The reaction Zn+CuSO,=Cu+ZnSO, goes completely to the right. In one
experiment 10 g of metallic zinc was added to 200 mL of copper sulphate solution.
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After all copper is precipitated it was found that not all the zinc had dissolved.
After filtration the total solid at the end of the reaction was 9-810 g. Calculate
(i) the weight of copper deposited and (ii) molarity of copper sulphate in the
original solution. (Cu=63-5Zn=654) (6-35g, 0-5M)

0-108 g of finely-divided copper was treated with an excess of ferric sulphate
solution until copper was completely dissolved. The solution after the addition of
excess dilute sulphuric acid required 337 mL of 0-1 N KMnO, for complete
oxidation. Find the equation which represents the reaction between metallic copper
and ferric sulphate solution. (Cu =636, Fe =56)

[Cu + Fe, (SO,), = CuSO, + 2FeSO,]

A commercial sample (2:013 g) of NaOH containing Na,CO, as an impurity was
dissolved to give 250 mL of solution. A 10 mL portion of the solution required
20 mL of 0-1 N H,SO, solution for complete neutralisation. Calculate the percentage
by weight of Na,CO, in the sample. (2:29%)

(i) A solution of a mixture of KCl and KOH was neutralised with 120 mL of 0-12 N
HCI. Calculate the amount of KOH in the mixture.

(ii) After titration, the resultant solution was made acidic with HNO, . Then excess
of AgNO, solution was added to precipitate the AgCl which weighed 3-7 g after
drying. Calculate percentage of KOH in the original mixture.  (0-806 g, 48-7 %)

10-03 g of vinegar was diluted to 100 mL and a 25 mL sample was titrated with
the 0-0176 M Ba(OH), solution. 34-30 mL was required for equivalence. What is
the percentage of acetic acid in the vinegar? (2:90%)

Zinc can be determined volumetrically by the precipitation reaction
37Zn* + 2[4K", Fe(CN);' | — K,Zn[Fe(CN),], + 6K
A sample of zinc ore weighing 1-5432 g was prepared for reaction and required

34-68 mL of 0-1043 M K,Fe(CN), for titration. What is the percentage of zinc in
the ore? (23%)

55 g of a mixutre of FeSO,-7H,0 and Fe, (S0,); - 9H,O requires 54 mL of
0-1 N KMnO, solution for complete oxidation. Calculate the number of mole of
hydrated ferric sulphate in the mixture. (0-0077 mole)

. A chemist is preparing to analyse samples that will contain no more than 0-5 g of

uranium. His procedure calls for preparing the uranium as U** ion and oxidising
it by MnO, in acid solution.
50" + 2MnO, + 6H,0 — 500" + 2Mn*" + 4H,0"

If he wants to react the total U** sample with a maximum of 50 mL of KMnO,
solution, what concentration should he choose? (0-0168 M)

For the standardisation of a Ba(OH), solution, 0-2 g of potassium acid phthalate
(wt. of one mole =204-2 g) was weighed which was then titrated with Ba(OH),
solution. The titration indicated equivalence at 27-80 mL of Ba(OH), solution. What
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is the molarity of the base? The equation for reaction is
2KHCH,O, + Ba(OH), — 2H,0 + 2K" + 2C;HO;™ + Ba®"  (0.0176 M)

A sample of magnesium metal containing some magnesium oxide as impurity was
dissolved in 125 mL of 0-1 N H,SO, . The volume of hydrogen evolved at 27-3°C
and 1 atm was 120-1 mL. The resulting solution was found to be 0-02 N with
respect to H,SO, . Calculate (i) the weight of the sample dissolved and (ii) the
percentage by weight of magnesium in the sample. Neglect any change in the
volume of the solution. (0-1235 g; 95-95%)

A piece of aluminium weighing 2.7 g is treated with 75 mL of H,SO, (sp. gr.
1-18 containing 24-7% H,SO, by weight). After the metal is completely dissolved,
the solution is diluted to 400 mL. Calculate the molarity of free sulphuric acid in
the resulting solution. (0-177 M)

4-00 g of mixture of NaCl and Na,CO, was dissolved in water and the volume

made up to 250 mL; 25 mL of this solution required 50 mL of N/10 HCI for
complete neutralisation. Calculate percentage composition of the original mixture.
(33:75% ; 66-25%)

1.00 g of a mixture consisting of equal number of moles of carbonates of the two
univalent metals, required 44-4 mL of 0-5 N HCl for complete reaction. If the atomic
weight of one of the metals is 7, find the atomic weight of the other metal. What will
be the total amount of sulphate formed on gravimetric conversion of 1 g of the mixture
of sulphates? (231; 14¢g)

A mixture containing only Na,CO, and K,CO, weighing 1-22 g was dissolved in
water to form 100 mL of a solution. 20 mL of this solution required 40 mL of
0-1 N HCI for neutralisation. Calculate the weight of Na,CO, in the mixture. If
another 20 mL portion of the solution is heated with excess of BaCl,, what will
be the weight of the precipitate obtained? (0-53 g; 03946 g)

1-00 g of a moist sample of a mixture of KCl and KCIO, was dissolved in water
and made up to 250 mL. 25 mL of this solution was treated with SO, to reduce
the chlorate to chloride and excess SO, was removed by boiling. The total chloride
was precipitated as silver chloride. The weight of the precipitate was 0-1435 g. In
another experiment, 25 mL of the original solution was heated with 30 mL of
0-2 N solution of ferrous sulphate and unreacted ferrous sulphate required 37-5 mL
of 0-08 N solution of an oxidising agent for complete oxidation. Calculate the molar
ratio of chlorate to chloride in the given mixture. Fe’" reacts with ClO;
according to the reaction
ClO; + 6Fe*" + 6H* — Cl™ + 6Fe’" + 3H,0

(0-5% 10 mole ; 0-5x 10~° mole)
0-6 g of a sample of pyrolusite was boiled with 200 mL of N/10 oxalic acid and
excess of dilute H,SO, .The liquid was filtered and the residue washed. The filtrate

and washings were mixed and made up to 500 mL. 100 mL of this solution required
50 mL of N/30 KMnO, solution. Calculate the percentage of MnO, in the given

sample of pyrolusite. (84-58%)
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25 mL of a 0-107 M H,PO, was titrated with a 0-115 M solution of a NaOH solution
to the end point identified by the colour change of the indicator, bromocresol
green. This required 23-1 mL. The titration was repeated using phenolphthalein
indicator. This time 25 mL of 0-107 M H,PO, required 46-8 mL of the 0-115 M
NaOH. What is the coefficient 7 in the equation,

H,PO, + nOH~ — nH,0 + [H;_, PO,]"” for each reaction? 1; 2)

9-8 g of FeSO, (NH,), SO, - xH,O was dissolved in 250 mL of its solution. 20 mL
of this solution required 20 mL of KMnO, solution containing 3-53 g of 90% pure
KMnO, dissolved per litre. Calculate x. (6)

10 mL of H,0O, weighs 10-205 g. The solution was diluted to 250 mL, 25 mL of
which required 35-8 mL of a decinormal solution of KMnO, . Calculate the weight
in grams of H,0, in 100 mL and also the volume strength of the solution.

(6:086 g; 20 V)
50 mL of H,0, was treated with excess of KI in presence of dilute sulphuric acid.

I, so liberated was titrated with 20 mL of 0-1 N hypo solution. Calculate the
strength of H,O, in grams per litre. (0-68)

Calculate the percentage of available chlorine in a sample of 3-546 g of bleaching
powder which was dissolved in 100 mL of water; 25 mL of this solution, on
treatment with KI and dilute acid, required 20 mL of 0-125 N sodium thiosulphate
solution. (10-01%)

(@) A zinc rod weighing 25-00 g was kept in 100 mL of 1 M CuSO, solution. After
a certain time molarity of Cu®* in solution was 0-8 M. What was the molarity
of the sulphate ion (SO~ )? What was the weight of the zinc rod after cleaning?

(b) If the above experiment was done with a copper rod of weight 25 g and 50
mL of 2M zinc sulphate (ZnSO,) solution, what would be the molarity of
Zn’" at the end of the same interval? [(@) 1M, 23:6926 g; (b) 2M]

25 mL of a mixed solution of Na,CO; and NaHCO, required 12 mL of N /20 HCl
when titrated using phenolphthalein as an indicator. But 25 mL of the same, when
titrated separately with methyl orange required 30 mL of N/20 HCI. Calculate the
amount of Na,CO,; and NaHCO; in grams per litre. (2544 g;1-008 g)

20 mL of a mixed solution of Na,CO, and NaOH required 17-5 mL of N0 HCl
when titrated with phenolphthalein as indicator. But when methyl orange was
added, a second end point was observed on the further addition of 2-5 mL of HCL
Calculate the amount of Na,CO; and NaOH in the solution.  (0.02648 g, 006 g)

0-2 g of a chloride of an element was dissolved in water and then treated with
excess of silver nitrate solution resulting in the formation of 0-47 g of silver chloride.
Find the equivalent weight of the element. (25-56)
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A sample of hydrazene sulphate (N,H,SO,) was dissolved in 100 mL of water.
10 mL of this solution was reacted with excess of ferric chloride solution and
warmed to complete the reaction. Ferrous ion formed was estimated and it
required 20 mL of M/50 potassium permanganate solution. Estimate the amount
of hydragene sulphate in one litre of the solution. (IIT 1988)

Reactions:
4Fe ™ "+ N,H, - N,+4Fe* " +4H"
MnO; +5Fe**+8H" — Mn™*+5Fe*** +4H,0 (65 g/L)

[Hint: Eq. wt. of N2H4:w

5 g of bleaching powder was suspended in water and volume made up to half a
litre. 20 mL of this suspension when acidified with acetic acid and treated with
excess of KI solution, liberated I, which required 20 mL of a N/10 hypo solution
for titration. Calculate the percentage of available chlorine in bleaching powder.

[Hint: See Example 58.]

A 10-g mixture of Cu,S and CuS was treated with 200 mL of 075 M MnO; in acid
solution producing SO,, Cu”* and Mn’*. The SO, was boiled off and the excess
MnO; was titrated with 175 mL of 1M Fe’* solution. Calculate the percentage of

CuS in the original mixture. (57-4%)
l. wt.
Hint: Cu,S—2Cu™ +S0,; eq. wt. of Cu,S= moL. wt.
2 2 +4 +4 8

A 0518-g sample of limestone is dissolved and then Ca is precipitated as
CaC,0, . After filtering and washing the precipitate, it requires 40 mL of 0-25 N
KMnO, solution acidified with H,SO, to titrate it. What is the percentage of CaO
in limestone?

MnO, + CaC,0, + H,SO, — CaSO, +Mn’" +CO, + H,O (541%)

20 mL of M/60 solution of KBrO, was added to a certain volume of SeO> solution.

Br, evolved was removed by boiling and the excess of KBrO, was back titrated

M —
with 5.1 mL of % solution of NaAsO,. Calculate the weight of SeO? in the solution.

(0.084 g)
Hint: SeO: +BrO;+ H' — SeO; + Br, + H,0
+4 +5 +6 0
BrO; + AsO, + H,O — Br + AsO; +H"
+5 +3 -1 +5

Concentrated HCI solution is 37.0% HCI and has a density of 1.19 g/mL. A dilute
solution of HCl is prepared by diluting 4.50 mL of this concentrated HCl solution
to 100 mL with water. Then 10 mL of this dilute HCl solution reacts with an
AgNO; solution. Calculate the volume of 0.108 M AgNO, solution required to

precipitate all the chloride as AgCI(s).
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0.9546 g of a Rochelle salt, NaKC,H,O, - 4H,O, on ignition, gave NaKCO,, which
was treated with 41.72 mL of 0.1307 N H,SO,. The unreacted H,SO, was then
neutralised by 1.91 mL of 0.1297 N NaOH. Find the percentage purity of the
Rochelle salt in the sample. (76.87%)

A mixture of KMnO, and K,Cr,O, weighing 0.24 g on being treated with KI in
acid solution liberates just sufficient I, to react with 60 mL of 0.1 N Na,S,0,
solution. Calculate percentage of Cr and Mn in the mixture. (20.83%, 14.17%)
[Hint: KMnO, - Mn* and K,Cr,0, - 2Cr’*]
+7 +2 +12 +6

Federal regulations set an upper limit of 50 parts per million (ppm) of NH; in the
air in a work environment (that is, 50 mL NH, per 10° mL of air). The density of
NH,(g) at room temperature is 0.771 g/L. Air from a manufacturing operation
was drawn through a solution containing 100 mL of 0.0105 M HCL. The NH, reacts
with HCl as follows:

NH,;(aq) + HCl(aq) — NH,Cl(aq)
After drawing air through the acid solution for 10 minutes at a rate of 10 litres /min,

the acid was titrated. The remaining acid required 13.1 mL of 0.0588 M NaOH to
reach the equivalence point.

(a) How many grams of NH, were drawn into the acid solution?
(b) How many ppm of NH, were in the air?

(c) Is this manufacturer in compliance with regulations?
[(a) 0.00475 g (b) 61.6 ppm (c) No]

A compound H,X with molar weight 80 g is dissolved in a solvent having density

0.4 g mL™". Assuming no change in volume upon dissolution, the molality of a 3.2
Molar solution is ... . (IIT 2014 Adv.) (8)

To measure the quantity of MnCl, dissolved in an aqueous solution, it was
completely converted to KMnO, using the reaction:
MnCl, + K,S,04 + H,O — KMnO, + H,SO, + HCI (equation not balanced)

Few drops of concentrated HCI were added to this solution and gently warmed.
Further oxalic acid (225 mg) was added in portions till the colour of permanganate
ion disappeared. The quantity of MnCl, (in mg) present in the initial solution is ... .

(Mn = 55, C1=35.5) (IIT 2018 Adv) (126 mg)

[Hint: m.e. of MnCl, = m.e. of KMnO, = m.e. of oxalic acid

~(0.225(g)
"% x 1000

2
(Eq. wt. of oxalic acid = 90/2)
0.225 (g) 1 126
90

x 1000 X—XT:O'126 g

Weight of MnCl, = 1000

2

{Eq. wt. of MnCl, = 1;—6 (MnCl, -» KMnO,)}]
+2

+7
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Objective Problems

. Normality of a solution is defined as

(a) number of eq./litre of solution (b) number of eq./litre of solvent
(c) number of mole/kg of solvent (d) number of mole/kg of solution

. In the reaction 25,05+ 1, — S,0;” + 21, the eq. wt. of Na,S,0, is equal to its

(a) mol. wt. (b) mol. wt./2 (c) 2 X mol. wt.  (d) mol. wt./6

. In the reaction VO + Fe,0; — FeO +V,0O; , the eq. wt. of V,0; is equal to its

(a) mol. wt. (b) mol. wt./8 (c) mol. wt./6 (d) none of these

. In the reaction Na,CO, + HCl — NaHCO, + NaCl , the eq. wt. of Na,CO, is

(a) 53 (b) 106 () 106 (d) 53

. The eq. wt. of iodine in T, +25,0;" — 21~ +S,0} ™ is equal to its

(a) mol. wt. (b) mol. wt./2 (c) mol. wt./4 (d) none of these

. The eq. wt. of K,CrO, as an oxidising agent in acid medium is

(a) mol. wt./2 ) 2 Xm;)l. wt. © mol:;) wit. ) moléwt.

. In alkaline condition KMnO, reacts as follows:

2KMnO, + 2KOH — 2K,MnO, + H,O + O,
the eq. wt. of KMnO, is
(a) 527 (b) 158 (c) 31-6 (d) 79

. 0:126 g of an acid requires 20 mL of 0-1 N NaOH for complete neutralisation.

Eq. wt. of the acid is
(a) 45 (b) 53 (c) 40 (d) 63

. H,PO, is a tribasic acid and one of its salt is NaH,PO,. What volume of 1 M

NaOH solution should be added to 12 g of NaH,PO, to convert it into Na,PO,?
(a) 100 mL (b) 200 mL (c) 80 mL (d) 300 mL

2 g of a base whose eq. wt. is 40 reacts with 3 g of an acid. The eq. wt. of the
acid is

(a) 40 (b) 60 (c) 10 (d) 80

In a reaction 4 moles of electrons are transferred to one mole of HNO, when acted
as an oxidant. The possible reduction product is

(a) (1/2) mole of N, (b) (1/2) mole of N,O

(c) 1 mole of NO, (d) 1 mole of NH,

Normality of 1% H,SO, solution is nearly

(a) 25 (b) 01 (c) 02 d)1

What volume of 0-IN HNO; solution can be prepared from 6-3 g of HNO,?

(a) 1 litre (b) 2 litres (c) 05 litre (d) 5 litres

The volume of water to be added to 200 mL of seminormal HCI solution to make

it decinormal is
(a) 200 mL (b) 400 mL (c) 600 mL (d) 800 mL
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. 0-2 g of a sample of H,0, required 10 mL of N KMnO, in a titration in the presence
of H,SO, . Purity of H,O, is
(a) 25% (b) 85% (c) 65% (d) 95%

100 mL of 0-5 N NaOH solution is added to 10 mL of 3 N H,SO, solution and
20 mL of 1 N HCI solution. The mixture is

(a) acidic (b) alkaline (c) neutral (d) none of these
Which of the following has the highest normality?

@1MHSO, () 1MHPO, (1MHPO, (d)1M HNO,

18. Eq. wt. of a metal, x g of which reacts with 1 eq. of an acid, is
(@1 (b) x/2 (c) 2x (d) x
19. The molarity of 98% H,SO, (d =1-8 g/mL) by wt. is
(@) 6 M (b) 18 M ()10 M (d)4M
20. 0-7 g of Na,CO, - x H,O is dissolved in 100 mL of water, 20 mL of which required
19-8 mL of 0-1 N HCL. The value of x is
(a) 4 (b) 3 (@2 @1
21. The normality of 10 mL of a 20 V' H,0, is
(a) 1.79 (b) 3-58 (c) 60-86 (d) 6:086
22. If 8-3 mL of a sample of H,SO, (36 N) is diluted by 9917 mL of water, the
approximate normality of the resulting solution is
(a) 0-4 (b) 0-2 (c) 0-1 (d) 03
23. 10 mL of an HCI solution gave 0-1435 g of AgCl when treated with excess of

AgNO,. The normality of the resulting solution is
(a) 01 (b) 3 (c) 0-3 (d) 02

24. 500 mL of a 0-1 N solution of AgNO, is added to 500 mL of a 0-1 N KCl solution.
The concentration of nitrate in the resulting mixture is
(@) 01N (b) 005 N (©) 0:01 N d) 02 N

25. The ratio of amounts of H,S needed to precipitate all the metal ions from 100 mL
of 1 M AgNO, and 100 mL of 1 M CuSQO, is
(@1:2 (b)2:1 (c) zero (d) infinite

26. If 0-5 mole of BaCl, is mixed with 0-2 mole of Na,PO,, the maximum number of
mole of Ba, (PO,), that can be formed is
(a) 07 (b) 0-5 (c) 0-30 (d) 01

27.0-45 g of an acid of molecular weight 90 was neutralised by 20 mL of 0-5 N caustic

28.

29.

potash. The basicity of the acid is

(@1 (b) 2 (93 (d) 4

1 litre of 18 molar H,SO, has been diluted to 100 litres. The normality of the
resulting solution is

(a) 0-09N (b) 0-18N (c) 1800 N (d) 036N

The best indicator for detection of end point in titration of a weak acid and a
strong base is

(a) methyl orange (3 to 4) (b) methyl red (4 to 6)
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(c) bromothymol blue (6 to 7-5) (d) phenolphthalein (8 to 9-6)
NB Figures in the brackets show the pH range of the indicator. (IIT 1985)
In a compound A,B,,

(a) moles of A =moles of B = moles of AB,

(b) eq. of A = eq. of B = eq. of AXBy

(c) yx moles of A = yx moles of B = (x +y) X moles of AB,
(d) y X moles of A = y x moles of B

The volume strength of 1.5 N H,O, solution is
(a) 48 (b) 84 (c) 30 (d) 80
The number of moles of KMnO, that will be needed to react completely with one

mole of ferrous oxalate in acidic solution is
(a) 3/5 (b) 2/5 (c) 4/5 (d) 1 (IIT 1997)

The number of moles of KMnO, that will be needed to react with one mole of
sulphite ions in acidic solution is
(@) 2/5 (b) 3/5 (c) 4/5 (d)1 (IIT 1997)

Which of the following reactions is not a disproportionation reaction?
(a) 2NO, + H,0 = HNO, + HNO,

(b) Cl, + H,O0=HCl + HCIO

(c) 3K,MnO, + 2H,0 = 2KMnQO, + MnO, + 4KOH

(d) 2FeSO, + 2H,0 = Fe,(OH),SO, + H,SO,

Dissolving 120 g urea (mol. wt. = 60) in 1000 g of water gives a solution of density
1.15 g/mL. The molarity of the solution is
(a) 1.78 M (b) 2.00 M (c) 205 M (d) 2.22 M (IIT 2011)

[Hint: Volume of solution = mass of solution x density]

The molarity of a solution obtained by mixing 750 mL of 0.5 M HCI with 250 mL
of 2 M HCI will be

(a) 0.875 M (b) 1.00 M

(0 1.75M (d) 0.0975 M (IIT 2013 Main)

3 g of activated charcoal was added to 50 mL of acetic acid solution (0.06 N) in a
flask. After an hour it was filtered and the strength of the filtrate was found to
be 0.042 N. The amount of acetic acid adsorbed (per gram of charcoal) is

(a) 18 mg (b) 36 mg

(c) 42 mg (d) 54 mg (IIT 2015 Main)

[Hint: m.e. of CH;COOH adsorbed = 50(0.06 — 0.042)]

Answers

1-a, 2-a, 3-c, 4-b, 5-b, 6-c, 7-b, 8-d, 9-b, 10-b, 11-b, 12-c, 13-a, 14-d, 15-b, 16-c, 17-c,
18-d, 19-b, 20-c, 21-b, 22-d, 23-a, 24-b, 25-a, 26-d, 27-b, 28-d, 29-d, 30-b, 31-b, 32-a,
33-a, 34-d, 35-c, 36-a, 37-a.

Q



CHAPTER EIGHT

ELECTROLYSIS AND ELECTROLYTIC
CONDUCTANCE

The electrical and chemical concepts are interdependent. A flow of electricity
through a substance may produce a chemical reaction, and also, a chemical
reaction may cause a flow of electricity through some external circuit. The
former involves the study of electrolysis and conductance, while the latter,
the measurement of electromotive force. In this chapter we shall deal with
the phenomena of electrolysis and conductance.

ELECTROLYSIS

Faraday’s Laws

The quantitative relationship between the amount of electricity passed
through a cell and the amount of substances discharged at the electrodes was
systematised by Michael Faraday in the form of the following laws:

First law: The amount of substance discharged (deposited or dissolved) at an
electrode is proportional to the quantity of the electricity passing through the
electrolyte.

Mathematically:
wesq
we It (g=1t) |, .. (D
w=zlt
where w is the weight of the substance discharged at an electrode in grams;
g is the charge in coulombs, t is the time of flow of electricity in seconds, I
is the current in amperes and z is a constant known as the electrochemical
equivalent which is defined as the number of grams of the substance
deposited or dissolved by one coulomb of electricity.

Second law: When the same quantity of electricity is passed through different
solutions, the amounts of different substances deposited or dissolved at the
electrodes in different electrolytic cells are proportional to their equivalent
weights, and in an electrolytic cell, chemically equivalent amounts of
substances are discharged at both the electrodes.

Interpretation of Faraday’s Second Law

Let us now interpret the second law of Faraday in a simple manner.
1 electron reduces and deposits 1 M’ jon at an electrode (ie.,
M'+e - M)

162
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-~ 1 mole of electrons* shall reduce and deposit 1 mole of M ions.
If the ion has a valency of n,

n mole of electrons shall reduce 1 mole of M™ " ions.
1
.. 1 mole of electrons shall reduce ” mole of M™* ions.

For example: 1 mole of electrons reduces or deposits 1 mole of Ag® or

1 1
5 mole of Cu?* or 3 mole or Al®*.

Now, that (number of moles X valency) represents number of equivalents

. 1 mole of electrons shall reduce or deposit 1 equivalent of Ag" or
Cu’* or Al’*. In general, 1 mole of electricity (electrons) liberates 1 equivalent
of matter.

Again we know

charge of 1 mole of electrons = charge of an electron x Av. const.
=1-6021 x 10" x 6:022 x 10* coulombs
= 96487 coulombs
= 96500 coulombs
=26-8 ampere-hour per equivalent
=1 faraday.
Thus the essential content of Faraday’s second law is that 1 faraday, which
corresponds to 1 mole of electrons, liberates 1 equivalent of matter.
In redox reactions, the amount of the reactant, corresponding to 1 mole of
electrons, is thus its equivalent mass.

Electrochemical Equivalent and Equivalent Weight

The weight in grams of a substance liberated by 1 coulomb of electricity is
called electrochemical equivalent, whereas the weight in grams liberated by
96500 coulombs (or 1 faraday or 1 mole of electrons) is called gram equivalent
weight of the substance.

From Faraday’s law, we can deduce the relationship between the
electrochemical equivalent and equivalent weight.

From the first law we have w=z.g;

dividing both sides by eq. wt.,

w oz
eq- wt.  eq. wt. 1
. z
or  number of equivalents = -q.
eq. wt.

Now, from the second law we know that 96500 coulombs liberate 1
equivalent of matter, i.e., when g = 96500 coulombs, no. of eq. = 1.

* 1 mole of electrons corresponds to Av. const. of electrons.
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= X 96500
equivalent weight
o 96500 '
Equivalent weight = electrochemical weight x 96500. .. (2)

If, E;, and E, are the equivalent weights of two substances whose
electrochemical equivalents are z, and z, respectively then
E, z

E, z .

Now, if the same amount of current is passed for the same interval of
time through two different electrolytes then from the first law, ie.,
w=z-1-t, we get,

El zy w

=t=t L@

where w; and w, are the weights of the substances deposited from the two

electrolytes, the electrochemical equivalents of which are respectively z; and
Z,.

Further, if an incandescent bulb of W watts or a resistance of ‘R’ ohms
is connected in series with an electrolytic cell, the following equations should
be remembered to calculate the current I in amperes.

V=IR .. (4)
W =1V (V is the voltage in volt). ... (5)

[Note: If two or more different cations or anions are present in the solution, the
decreasing order of preferential discharge of ions is

= - - 7
E, z, w,

cations: Ag”, Hg2+, Cu®, H, Fe**, Zn?, A%, Mg2+, Ca®*, Na*, K*
anions: I", Br’, CI", OH", NO3, SO3~, F~ ]

ELECTROLYTIC CONDUCTANCE

The passage of a current through an electrolyte involves the movement of
ions carrying an electric charge and so the study of electrolytic conduction
may supply useful chemical information.

The magnitude of the conductance, i.e., the reciprocal of resistance,
depends mainly on three factors: the number of ions, magnitude of charge
on each ion and the ionic mobility.*

The conductance of an electrolyte may be measured in terms of molar
conductance, that is, the conductance due to one mole of an ionic solute and
secondly, the equivalent conductance, that is, the conducting power of all ions
produced by one equivalent of the electrolyte in the given solution. But to

* Jonic mobility or absolute ionic velocity is defined as the distance travelled by

an ion per second under a potential gradient of one volt per cm.
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compare the conductance of two solutions, equivalent conductance is
considered because one equivalent of different electrolytes involves the same
number of electrons (i.e., Avogadro constant of electrons) in accordance with
Faraday’s second law of electrolysis while one mole of different electrolytes
may or may not involve the same number of electrons. In other words, the
solutions, each containing one equivalent of different electrolytes, are equivalent in
terms of moles of electrons being carried.

Conductance, Specific Conductance, Equivalent Conductance and Molar
Conductance
The reciprocal of resistance offered by an electrolyte
to the flow of electricity through it is known as
conductance. The unit of conductance is ohm™' or
mho.

1

Conductance = ——-
resistance

- —

Consider the portion of the electrolyte lying
between the two parallel and equal electrodes as shown in the diagram; the
area of each electrode being ‘a” sq cm and the distance between them is ‘I’
cm. Since the electrolytes, like metallic conductors, also offer resistance to the
flow of electricity, Ohm’s law can be applied to the electrolytic conductor.

Ohm'’s law relates the resistance ‘R’ offered by a medium with the applied
voltage ‘V’ and the passing current I’

V=IR. ... (6)
The resistance ‘R’ is related to the dimensions of the conductor as:
Rocl
1
and Roc—-
a
. [
R o< P R=p B
where R = resistance, p = specific resistance
or 1.1 X L
P "R a
I
specific conductance = conductance x . ... (7a)

1 1
Just as R is called conductance, g is called specific conductance, denoted

by ‘K’. The unit of specific conductance is mho per cm. The SI unit of
conductivity is the siemens (S) which is equal to ohm™ or mho.

The solution under study is filled in a conductivity cell made of pyrex
glass having two platinum electrodes fixed parallel to each other. For a given
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)
cell, - is known as cell constant. Thus,

specific conductance = conductance x cell constant. ... (7b)

From the definition of equivalent conductance and molar conductance
mentioned above, we get
equivalent conductance = specific conductance x vol. in cc
containing 1 eq. of the electrolyte

or A=KV. ... (8
Similarly,
molar conductance = sp. conductance x vol. in cc containing

1 mole of electrolyte.

The unit of equivalent conductance and molar conductance is mho cm”

If 1 cc of an electrolytic solution theoretically contains one equivalent of
the electrolyte whose equivalent weight is equal to mol. weight;
conductance = specific conductance
= equivalent conductance

=molar conductance.

Equivalent Conductance at o= Dilution
Equivalent conductance increases with the increase in dilution but after a limit
it becomes constant and does not further increase. The maximum value of

equivalent conductance is known as equivalent conductance at oo dilution,
denoted by A... If this increase in equivalent conductance with dilution is

only due to the increase in the degree of dissociation of the electrolyte, we
can write,

A
degree of dissociation o = A—C, ... (9

where A  is equivalent conductance and o is the degree of dissociation at a
concentration ¢ of the weak electrolyte.

Kohlrausch’s Law

At infinite dilution an ionic species (cation or anion) contributes a fixed value,
at a given temperature, towards equivalent conductance of the electrolyte
irrespective of the other ionic species in combination with it. These
contributions are known as equivalent ionic conductance at oo dilution,

denoted by }uoc and 7»(; for cations and anions respectively.

The equivalent conductance of an electrolyte at e dilution, following the
Kohlrausch’s law, is then equal to the sum of equivalent ionic conductances

of cations and anions, A° = )»C; + Xoa. ... (10)

The equivalent ionic conductance (A) and ionic mobility (U) are not the
same thing but are proportional to each other.
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Aeoc U, or A.=KU,
.. (11)
ApecU, or A,=KU,

The proportionality constant K may be shown to be equal to 96,500
coulombs. Ionic mobility is measured in cm per second for a field of one volt
per cm.

Mathematically,

o il ionic velocity 1
lonic mobility = potential gradient - (12)

ionic velocity (cm/s)

- pot. difference (volt)/distance between the electrodes (cm)

The unit of ionic mobility is thus cm? volt™ s™.

[Note: The following combinations of electrical units may be expressed as a single

unit.]

volt - ampere ... watt
ampere - second ... coulomb
volt/ampere ... ohm
joule/volt ... coulomb
watt/ampere - ohm ... ampere
joule/second ... watt
joule/ampere - second ... volt
joule/ampere” - second ... ohm

EXAMPLES ON ELECTROLYSIS

Ex. 1. From the following data calculate the value of the Avogadro constant. Charge
of an electron = 1-6 x 10~ '* coulomb. (1 faraday = 96500 coulombs)

Solution : Since 1 faraday, i.e., 96500 coulombs, is the charge of 1 mole of
electrons, i.e., Av. no. of electrons.

charge of 1 mole of electrons

Av. constant =
charge of one electron

96500

= m =603 x 1023.
6 X

Ex. 2. From the values of 1 faraday and Avogadro constant, show that 1 faraday
may be called 1 mole of electricity.

Solution : Since 1 faraday = 96500 coulombs
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1F 96500
Av.no.  6.022 x 107

=16 x10"" coulomb

=charge of an electron.

1 F = charge of an electron x Av. no.

Since 1 F of electricity is the charge of Av. no. of electrons, 1 faraday may
be called 1 mole of electricity.

Ex. 3. A metal wire carries a current of 1 ampere. How many electrons pass a point
in the wire in 1 second?

Solution : Charge in coulomb = current in ampere X time(s)
=1x1=1
Since 1 F (96,500 coulombs) of electricity is carried out by 1 mole of
electrons, i.e., 6:022 x 10% electrons, therefore, 1 coulomb shall involve

6-022 x 10%2/96500, i.e., 624 x 10" electrons. Thus, 6-24 x 10'® electrons
pass a point in the wire in 1 second.

Ex. 4. How many electrons are lost and gained by 2 g of C1~ ions and 1 g of

Zn2" ions as the result of electrolysis respectively? (C1=355; Zn =65)
. . _. weight
Solution : Number of equivalents of Cl~ ions = —2—
eq. wt.
-2
T355
Number of equivalent of Zn>* ions =—= 2.
65/2 65
Now, 1 mole (1 F) of electric charge discharges 1 equivalent of matter.
2

Mole of electric charge involved in case of Cl ™= 355

2
Mole of electric charge involved in case of Zn**= e
As 1 mole of electric charge corresponds to Av. no. of electrons, thus,

2
no. of electrons lost by Cl ™~ = 355 < 6-022 x 10

and no. of electrons gained by Zn**= % x 6:022 x 107,

Ex. 5. Calculate the quantity of ferrous and ferric ions that would be deposited by
1 faraday. (Fe = 56)

Solution : 1 mole of electricity (i.e., 1 faraday) produces 1 eq. of matter.
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Mole of electric charge = 1 faraday (given).
no. of equivalent of Fe?*=1

and no. of equivalent of Fe®*"=1.

wt.ofFe2+=1><52—6g=28g (wt. = eq. X eq. wt.)
3+ 56 .
and wt. of Fe”"=1x 3 8= 186 ¢. [Eqn. 4(i), Chap. 7]

Ex. 6. 0-2864 g of Cu was deposited on passage of a current of 0-5 ampere for
30 minutes through a solution of copper sulphate. What is the electrochemical
equivalent of copper? (1 F=96500 coulombs)

Solution : Electrochemical equivalent (z) is defined as the weight of the
substance deposited by the passage of 1 coulomb of electricity.
_ wt. of Cu deposited

%= Charge in coulombs
wt. of Cu

" current in ampere X time in seconds
0-2864

0-5 %30 x 60

=0-00032 g/coulomb.

Ex. 7. Calculate how much current is necessary to produce hydrogen gas at the rate
of 1 cc per second under standard conditions.

Solution : "~ 1 equivalent of substance is produced by 1 mole of
electric charge
11200 cc (i.e., 1 equivalent) of hydrogen is produced by 96500
coulombs

11200 cc of hydrogen is produced per second by 96500 amperes
(g =1Lt

-~ 1 cc of hydrogen is produced per second by 26500

11200 “™MP
= 8:61 amp.

Ex. 8. In an industrial electrolytic cell it is desired to produce 36 kg of magnesium
metal per hour. Calculate the current required. (Mg = 24)

Solution : 1 mole of electric charge (1 F) produces 1 eq. of Mg or 1 mole of
24

5 =12)

electric charge (1 F) produces 12 g of Mg. (eq. wt. =
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No. of equivalents of Mg (in 36 kg) = % =3000
[Eqn. 4(i), Chapter 7]
". moles of electric charge to produce 36000 g of Mg = 3000 faradays
=3000 x 96500 coulombs
charge in coulombs
time in seconds
3000 x 96500
T 60x60

=8-04 x 10* amp.

", current required per hour =

Ex. 9. How much time is required for the complete decomposition of 2 moles of water
using a current of 2 amp?

Solution : Electrolysis of water takes place according to the equation:
2H,0 — 2H, + O,

" 1 equivalent of hydrogen is produced by % mole of water

*. no. of equivalents of H,O decomposed
=2x no. of moles of water
=2x2=4. [Eqn. 6(ii), Chapter 7]
" 1 equivalent of H,O will be decomposed by 1 mole of electricity (1 F)
mole of electric charge = 4 faradays = 4 x 96500 coulombs
charge in coulombs

duration of electrolysis = -
current in amperes

4 x 96500
=———seconds

~ 4x96500
T 2% 60 %60
=53-61 hours.

hours

Ex. 10. In the electrolysis of an aqueous SnCl, solution, 4-48 litres of chlorine (in
standard conditions) is liberated at the anode. Find the mass of tin deposited at
the cathode. (Sn=119; Cl = 35-5)
Solution : Number of equivalents of chlorine liberated at anode = number of
equivalents of Sn”* deposited at cathode.
volume of chlorine (NTP) wt. of Sn“deposited

vol. occupied by 1 eq. ~  eq. wt. of Sn®*
... [Eqns. 4(i) & 4(ii), Chapter 7]
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448 wt. of Sn?* deposited ¢ of Sne 119
o~ 11972 eq. wt. of Sn=—>
. wt. of Sn deposited = 23-80 g.

Ex. 11. In the electrolysis of an aqueous solution of NaOH, 2-8 litres of oxygen was
liberated at the anode at NTP. How much hydrogen was liberated at the cathode?

Solution : Eq. of O, liberated
vol. of O, liberated at NTP

~ vol. occupied by 1 eq.of O, at NTP
_28lit. 1

T56lit. 2
Since same number of equivalent of hydrogen liberates at the cathode,

equivalent of hydrogen liberated at the cathode = %

" volume of hydrogen = no. of equivalents x vol. occupied by
1eq. of hydrogen at NTP

:%X 11-2

=56 litres.

Ex. 12. 30 mL of 0-13 M NiSO, is electrolysed using a current of 360 milliamperes
for 35-3 minutes. How much of the metal would have been plated out if current
efficiency was only 60%? (Ni=58-7)

Solution : Charge in coulombs = current in amperes X time in seconds
=0-36 x 35-3 x 60

_ 0-36 x35-3x60
- 96500

=0-0079 F.

" 1 mole of electric charge (1 F) produces 1 equivalent of the substance.

F

. eq. of Ni which should be deposited for 100% current efficiency
=0-0079
_ 0-0079 x 587
- 2

-7
=0-2318 g. [ eq. wt. of Ni= %j

But since the current efficiency is 60%,
actual amount of Ni deposited =0-2318 x %

=01391 g.
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Ex. 13. Calculate the quantity of electricity that would be required to reduce 123 g
of nitrobenzene to aniline, if the current efficiency for the process is 50%. If the
potential drop across the cell is 3 volts, how much energy will be consumed?

(IIT 1990)
Solution : No. of eq. of nitrobenzene to aniline
wt. in g

" eq. wt. of CiHsNO,
123
T 123/6
CcH;NO, — C¢Hs;NH, ; change in ON =6

+3 -3

. eq. wt. of C;HsNO, =

=0-6.

mol. wt. 123
change in ON 6
. mole of electricity for 100% current efficiency =0-6 F.
But the current efficiency is 50%.
. mole of electricity used =0-6 x2=12F
=1-2x96500 coulombs
= 115800 coulombs.
*The energy consumed = electricity in coulomb x pot. drop in volt
=115800x 3]
=347400 ]
=347.40 KJ.

Ex. 14. Potassium chlorate is prepared by electrolysis of KCl in basic solution:
60H +Cl- — ClO; +3H,O+6¢"
If only 60% of the current is utilised in the reaction, what time will be required
to produce 10 g of KCIO; using a current of 2 amp?

Solution : According to the given equation,

10
equivalent of KCIO; to be produced = 04

Since current efficiency is 60%; hence,
1 faraday (i.e., 96500 coulombs) shall produce
0-6 equivalent instead of 1 equivalent.

10
. production of 204 &% of KCIO; shall require

* 1joule =1 volt x 1 coulomb
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96500 X 10 i.e., 78839-86 coulombs
06 204

no. of coulombs
current in amp

_ 78839-86
B 2

= 39420 seconds
39420
~60%60

=10-95 hours.

. time required =

=39419-93 seconds

hours

Ex. 15. After electrolysis of a sodium chloride (NaCl) solution with inert electrodes
for a certain period of time, 600 mL of the solution was left which was found
to be 1 N in sodium hydroxide. During the same time 31-8 g of Cu was deposited
in a Cu voltameter in series with the electrolytic cell. Calculate the percentage
of theoretical yield of the sodium hydroxide obtained. (Cu=635)

Solution : *No. of equivalent of NaOH that can be produced
theoretically for 100% current efficiency
= no. of eq. of NaCl decomposed

= no. of eq. of Cu deposited (Faraday’s 2nd law)

__wt.of Cu 318 1
“eq. wt. of Cu” 6352

[Eqn. 4(i), Chapter 7]
Now,

no. of eq. of NaOH produced experimentally

_m.e. of NaOH (Eqn. 3, Chapter 7)
- 1000
_ normality X volume 1x600

1000 =000 =0-6. (Eqn. 1, Chapter 7)

0-6
percentage yield = 7 X 100 = 60%.

Ex. 16. The density of Cu is 8-94 g per mL. Find out the charge in coulombs needed
to plate an area 10 cm x 10 cm to a thickness of 10~ * cm using CuSO, solution
as electrolyte.

Solution : Wt. of Cu to be coated = volume of the deposit x density
=10x10x10"*x 894
=89%g.

*  On electrolysis of NaCl solution, NaOH is produced.
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318
=0-281.
". mole of electric charge =0-281 faraday
=0-281 x 96500 coulombs
=27116-5 coulombs.

eq. of Cu—894 [eq wt. of Cu—¥=31-8]

Ex. 17. How long a current of 3 amp has to be passed through a solution of
AgNO, to coat a metal surface of 80 cm? with 0-005 mm thick layer? Density

of Ag is 10-5 g/cm”. (IIT 1985)

Solution : No. of eq. of Ag deposited
_ wt. of Ag deposited in grams .
B equivalent wt. of Ag [Eqn. 4(i), Chapter 7]
volume x density
- equivalent weight
_ surface area x thickness x density
equivalent weight
80 x 0-0005 x 10-5
- 108

=1300 =0-0039.

Mole of electric charge = 0-0039 faraday
=0-0039 x 96500 coulombs
= 376-35 coulombs.
) . charge in coulombs
" duration of electrolysis = :
current in amp
376:35
== s
=125s.

Ex. 18. A 100-watt, 110-volt incandescent lamp is connected in series with an
electrolytic cell containing cadmium sulphate solution. What weight of cadmium

will be deposited by the current flowing for 10 hours? (IIT 1987)

Solution : We know
wattage 100

voltage 110
Further, charge in coulombs = current in amperes x time in seconds

100
=110~ 10 x 60 x 60 = 32727-27.

.. (Eqn. 5)

current in amperes =
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32727-27
charge in faraday = 96500 F=034F.

mole of electricity =0-34 F.

Amount of Cd deposited =0-34 eq.
=(0-34xeq.wt.) g
=0-34 x % =1911¢g.

112-4]

(eq. wt. of cadmium = >

Ex. 19. A mixture of hydrogen and oxygen is evolved when a dilute solution of
NaOH is electrolysed. How many moles of each gas would be liberated by a
current which deposited 20-942 g of Ag?

Solution : 1 mole (faraday) electric charge yields 1 equivalent of matter.

20942
equivalent of Ag = % [Eqn. 4 (i), Chapter 7]
. mole of electric charge = 223: 2 faraday.
Since the same amount of electricity is passed through dilute NaOH solution,
20942
equivalent of hydrogen liberated = %
20-942
and equivalent of oxygen liberated = %
. mole of H, liberated = 20942 % =0-097
[Eqn. 6(ii), Chapter 7]
mole of O, liberated = 20942 X 1 0-0485
108 4

Ex. 20. A current of 3-7 amp is passed for 6 hours between inert electrodes in
0-5 litre of a 2 M solution of Ni(NO,), . What will be the molarity of the solution
at the end of electrolysis?

Solution : Charge in coulombs = current in amp X time in s

=3-7x6x60x60
=79920.
. 79920
. mole (faraday) of electric charge = 96500
=0-8283 F.

Eq. of Ni(NO;), decomposed on electrolysis = 0-8283.
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. m.e. of Ni(NO;), decomposed = 0-8283 x 1000 = 828-3
(Eqn. 3, Chapter 7)
Now, m.e. of Ni(NOs3), solution before electrolysis
= normality X volume (mL) (Eqn. 1, Chapter 7)
=4 x500=2000
{normality = 2 x molarity =2 x 2 =4 [Eqn. 6(i), Chapter 7]}
m.e. of Ni(NO,), after electrolysis =2000 - 8283 =1171-7.
. normality of Ni(NO;), after electrolysis = U717 =234 N.

(Eqn. 1, Chapter 7)

2-34
*. molarity of Ni(NOs), solution after electrolysis = 73 =117 M.

[Eqn. 6(i), Chapter 7]

Ex. 21. A current of 1.70 A is passed through 300 mL of a 0-16 M solution of
ZnSO, for 230 s with a current efficiency of 90%. Find out molarity of Zn**
after the deposition of Zn. Assume the volume of the solution to remain constant
during the electrolysis. (IIT 1991)

. . 1-70 x 230
Solution : Mole of electric charge = 96500 0-004052 F.

". eq. of Zn to be deposited for 100% current efficiency = 0-004052
or mole of Zn to be deposited for 100% current efficiency
=0-004052/2 = 0-002026
or mole of Zn to be deposited for 90% current efficiency
=0-9 x 0-002026 = 0-0018234.
Initial mole of Zn (or ZnSO,) = 0-16 x 0-3 = 0-048.
Mole of Zn remained undeposited = 0-048 — 0-0018234
=0-0461766.
0-0461766

Molarity after electrolysis = — 03 =0-154 M.

Ex. 22. A current of 0-0965 amp is passed for 1000 seconds through 50 mL of
0-1 M of NaCl. If the only reactions are reduction of H,O to H, at the cathode

and oxidation of C1~ to Cl, at the anode, what will be the average concentration
of OH "™ in the final solution?

0-0965 x 1000

Solution : Mole of electric charge = o0 - 0-001 F.
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". equivalent of OH ~ liberated = 0-001.
Mole of OH ™ liberated = 0-001.
0-001(mole)
0-05 (litre)
=002 M.

*. concentration of OH ™ in mole per litre =

Ex. 23. When a current of 1.5 amp was passed for 30 minutes through a solution
of a salt of a trivalent metal, 1-071 g of the metal was deposited at the cathode.

Calculate the atomic weight of the metal.

Solution : Charge passed through the solution =1-5x 30 x 60
=2700 coulombs.

faraday = 27 ——F.

965

. 700
Mole of electric charge passed = 96500

27
. equivalent of the metal deposited = %5

Let the at. wt. of the metal be x.

. eq. wt. of the metal = g (" valency of the metal = 3)
. weight of the metal deposited = no. of eq. x eq. wt.

_27 x

“965 38

27Xx
". as given, =1-071
965 x 3

x=114-8 amu.

Ex. 24. 19 g of molten SnCl, is electrolysed for some time, using inert electrodes.
0-119 g of Sn is deposited at the cathode. No substance is lost during the
electrolysis. Find the ratio of the weight of SnCl, and SnCl, after electrolysis.
(Sn = 119)

Solution : According to this problem SnCl, should first ionise into the ions
of tin and chloride. Sn gets deposited at the cathode and as Cl, , produced
at anode, is not lost, it combines with the remaining SnCl, to give
SnCl,.

SnCl, — Sn+Cl,
SnCl, +Cl, — SnCl,

0-119 119
Equivalent of Sn deposited = 1192~ 0-002. [eq wt. of Sn = TJ
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equivalent of SnCl, decomposed = 0-002.
Equivalent of chlorine produced = 0-002.
Equivalent of SnCl, formed = 0-002.
weight of SnCl, formed = no. of eq. X eq. wt.
261

=0-002 x - = 0-261 gram.

(eq. wt. of SnChz%, in SnCl, +Cl, — SnCLJ
+2 +4 )
Further, eq. of chlorine produced
=eq. of SnCl, which combined with CI, = 0-002.
". weight of SnCl, remained
= initial wt. of SnCl, — (wt. of SnCl, decomposed
+ wt. of SnCl, combined with Cl, to form SnCl,)
=19 - (eq. of SnCl, decomposed x eq. wt. of SnCl,

+ eq. of SnCl, which combined with Cl, x eq. wt. of SnCl,).
=19 - [0~002 X % +0-002 x %}
=19-038
=1862g.
SnCl, : SnCl, = 18:62 : 0-261. (weight ratio)

Ex. 25. Ten grams of a fairly concentrated solution of cupric sulphate is electrolysed
using 0-01 faraday of electricity. Calculate (i) the weight of the resulting solution
and (ii) the number of equivalent of acid or alkali in the solution.
(Cu =635, F=96500 coulombs)

Solution : (i) Since mole of electric charge used =0-01 F
eq. of Cu deposited = 0-01
wt. of Cu deposited =0-01 x 31-75=0-3175 g.

[eq. wt. of Cu = % = 31~75]

Eq. of oxygen discharged = 0-01.
wt. of oxygen discharged =0-01 x 8 =0-08 g.

[eq. wt. of O= % = 8]
Total loss in weight due to electrolysis = 0-3175 + 0-08
=03975¢g.
" the weight of the resulting solution =10-0-3975 = 9-6025 g.
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(ii) Electrolysis of CuSO, solution follows through
CuSO, = Cu** +S0;~

At cathode:  Cu’**+2e” — Cu

At anode:  SO; ™ +H,0 — H,SO, + %Oz T+2e”

Thus H,SO, is produced during electrolysis.
" eq. of H,SO, produced =0-01. (due to passage of 0-01 faraday)

Ex. 26. An acidic solution of Cu”* salt containing 0-4 g of Cu*" is electrolysed until
all the copper is deposited. The electrolysis is continued for seven more minutes with
the volume of the solution kept at 100 mL and the current at 1-2 amp. Calculate
the volume of gases evolved at NTP during the entire electrolysis.  (IIT 1989)

2+

Solution : Let us suppose that the acidic solution of Cu~" salt contains

H,SO, .
In the beginning of electrolysis, Cu will be deposited at the cathode and
O, will discharge at anode.

Cu?*+2e — Cu (at cathode)

20H™ — 20H +2e

t anod
20H H20+%O2 (at anode)

. equivalent of oxygen evolved = eq. of Cu deposited
_ 04
318

-. volume of O, (at NTP) evolved = % x 5600 =70-44 mL.

(1 eq. of oxygen at NTP = 5600 mL)
During another seven minutes (420 s) of electrolysis, H, and O, will
evolve at cathode and anode respectively.
504

Now, charge = 1-2 x 420 = 504 coulombs = 96500 E.

eq. of H, evolved = S04 (at cathode)

96500
504
96500

Volume of H, evolved at NTP = % 11200 = 58-49 mL.

(1 eq. of H, at NTP = 1200 mL)

at anode)

504
Eq. of O, evolved = 96500 (

4 x 5600 =29-24 mL.

*. volume of O, evolved at NTP = 96500
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Thus, during the entire electrolysis,
H, evolved =58-49 mL
O, evolved = (70-44 +29-24) mL
=99-68 mL.

Ex. 27. The electrode reactions for charging of a lead storage battery are:
PbSO,+2e " =Pb + S04~
PbSO, + 2H,0 =PbO, + SO; ~+4H "+ 2e ~
The electrolyte in the battery is an aqueous solution of sulphuric acid. Before
charging, the specific gravity of the liquid was found to be 1-11 (15-7%
H,SO, by weight). After charging for 100 hours, the sp. gr. of the liquid was
found to be 1-28 (369 % H,SO, by wt.). If the battery contained two litres of
the liquid, calculate the average current used for charging the battery.

NB. (e ™) denotes electrons. Assume that the volume of the battery liquid
remained constant during charging. 1 faraday = 96500 coulombs.
Solution : The overall battery reaction is
2PbSO, + 2H,0 = Pb + PbO, + 2H,S0O,
" two moles of electrons are involved in the production of two moles of
H,S0,
*. equivalent wt. of H,SO, = molecular wt. of H,SO, =98.
Before electrolysis;
100 g of H,SO, solution contains 157 g of H,50,

157
or % mL of H,SO, solution contains 95—8 eq. of H,SO,.

. . 157 111
2000 mL H,SO, solution contains 98 X100

x 2000 = 3-556 eq.
Similarly, we get
number of equivalent of H,SO, after electrolysis

= % X % %2000 = 9-6387.
~. number of eq. of H,SO, produced = (9-6387 — 3-5560) = 6-0827
. moles of electric charge used = 6-0827 faradays

charge in coulombs

Average current used = — ;
time in seconds

_ 6:0827 x 96500

=100 x 60 X 60 amp = 1-629 amp.

Ex. 28. During the discharge of a lead storage battery, the density of sulphuric acid
fell from 1-294 to 1-139 g/mL. Sulphuric acid of density 1-294 g/mL is 39%
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H,SO, by wt. and that of density 1-139 g/mL is 20% by weight. The battery

holds 35 litres of the acid and the volume remained practically constant during
the discharge. Calculate the number of ampere-hours for which the battery must
have been used. The charging and discharging reactions are

Pb +SO; ™ = PbSO, +2e (charging)
PbO, +4H " +S0; ~+2e "

PbSO, + 2H,0 (discharging) (IIT 1986)
Solution : The overall battery reaction is
Pb + PbO, + 2H,SO, = 2PbSO, + 2H,0O
" two moles of electrons are involved for the reaction of two moles of
H,SO,,
. eq. wt. of H,SO, = mol. wt. of H,SO, =98.
Following in the same way as in Example 27 we get

no. of eq. of H,SO, present in 35 litres of solution of a charged battery

= % X % x 3500
=18-0235.
No. of equivalents of H,SO, present in 3-5 litres of solution after getting
discharged = % X 1%? x 3500
=8-1357.
Number of eq. of H,50, lost =18-0235 — 8-1357
=9-8878.

". moles of electric charge produced by the battery =9-8878 F
=9-8878 x 96500 coulombs
=9-8878 x 96500 amp-seconds

9-8878 x 96500
T 60x60
=265 amp-hours.

amp-hours

Ex. 29. A lead storage battery has initially 200 g of lead and 200 g of PbO,, plus
excess H,SO,. Theoretically, how long could this cell deliver a current of
10 amp., without recharging, if it were possible to operate it so that the reaction
goes to completion?

Solution : Discharging of battery takes place through the reaction

Pb + PbO, + 2HSO, = 2PbSO, + 2H,0

200 200 (excess)
207 mole 239 mole
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As mole of PbO, is less than that of Pb, PbO, is the limiting reactant
which shall be totally consumed.
No. of faraday delivered by the battery

= no. of eq. of PbO, lost

200
= @ X 2.
400
charge = 239 X 96500 coulombs
. . 400 x 96500 1
time of discharge = 239 *10 seconds

400 x 96500 L1
T 239%x10 60 %60
=4.486h.

Ex. 30. Suppose 250 mL of a 0.433 M solution of CuCl, is electrolysed. How long
will a current of 0.75 A have to run in order to reduce the concentration of

Cu®" to 0.167 M? What mass of Cu(s) will be deposited on the cathode during
this time?

Solution : Mole of Cu*" reduced = 0.433 x 0.250 - 0.167 x 0.250
=0.0665.
Wt. of Cu deposited =0.0665x63.5g
—422g.
Let the time to deposit this amount of Cu be t seconds
no. of F = no. of eq.

0.75x t
96500

t=1.71 x 10* seconds.

=0.0665 x 2

Ex. 31. A current of 10 A is applied for 1 h to 1 litre of a solution containing
1 mole of HCL. Calculate the pH of the solution at the end of this time.

Solution : At the cathode, H, is discharged. At the anode Cl, is preferentially
discharged over O,. Thus during electrolysis, HCl is lost from the

solution.
Eq. of HCl lost = number of faradays used
10 x 60 x 60
=" 9es00 " 0.373

or, mole of HCI lost = 0.373.
Mole of HCI remained/litre = 1.0 — 0.373 = 0.627.
pH =-log(0.627) = 0.20.
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Ex. 32. Calculate the minimum number of kilowatt-hours of electricity required to
produce 1000 kg of Al by electrolysis of AI** if the required emf is 4.50 V.

Solution : The no. of faradays required for electrolysis
= number of eq. of Al deposited

6
Charge = % x 96500 coulombs.

=1.07x10"° C.
electric energy =1.07 x 10" x 4.50 ] = 4.815x 10"’ J (- J=CxV)
4.815x10"
kilowatt-hours =~ kWh (" 1kWh=3.6x10°])
3.6 x10
=1.34 x 10* kWh.

EXAMPLES ON CONDUCTANCE

Ex. 33. The resistance of an N/10 KCl solution is 245 ohms. Calculate the specific
conductance and the equivalent conductance of the solution if the electrodes in the
cell are 4 cm apart and each having an area of 7-0 sq cm.

I 4
Solution : Cell constant = —=7 cm L

7
Specific conductance = conductance x cell constant
1
=—— X~
resistance a
= 2 _2332%10"*mho em ™!
= m 7 = ocn .
Equivalent conductance = sp. cond. x volume (cc)
(containing 1 eq. of the substance)

=2.332x 103 x 10000 (for N /10 solution, v = 10,000 cc)
=23.32 mho cm?

Ex. 34. The resistance of a solution A is 50 ohms and that of solution B is 100 ohms,
both solutions being taken in the same conductivity cell. If equal volumes of
solution A and B are mixed, what will be the resistance of the mixture using
the same cell? (Assume that there is no increase in the degree of dissociation of
A and B on mixing.)

Solution : Let K; and K, be the specific conductances of the solutions A and
B respectively and the constant of the cell be x.

.. for solution A: sp. conductance = conductance x cell constant
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1
K1=%Xx (1)

For solution B: sp. conductance K, = ﬁ X X. .. (2

When equal volumes of A and B are mixed, both the solutions get doubly
diluted; hence their individual contribution towards the sp. conductance
K

of the mixture will be >

K
and ?2 respectively and the sp. conductance of

1
the mixture will be > (Ky+Ky).

.. for the mixture: % (K, +Ky) = % X X. ... (3)

(R is the resistance of mixture)
From eqns. (1), (2) and (3), we get R =66-67 ohms.

Ex. 35. In a conductivity cell the two platinum electrodes, each of area 10 sq cm,
are fixed 1-5 cm apart. The cell contained 0-05 N solution of a salt. If the two
electrodes are just half dipped into the solution which has a resistance of
50 ohms, find equivalent conductance of the salt solution.

Solution : Since the electrodes of the cell are just half dipped, the effective
area will be 5 sq cm.

Specific conductance = conductance x cell constant

=———xcell constant
resistance

1 3 _1
—50><O-3—500 mhocm™ .

Equivalent conductance = specific conductance x volume ... (Eqn. 8)

_3 - 2
_500><20000—120 mho cm”.

(005N = N/20 . V = 20,000 cc)

Ex. 36. A big, irregular-shaped vessel contained water, the sp. conductance of which
was 2:56 x 10> mho cm ™. 500 g of NaCl was then added to the water and
the sp. cond. after the addition of NaCl, was found to be
3-10x 10 > mho cm ™. Find the capacity of the vessel if it is fully filled with
water. (A°Nacp = 149-9)

Solution : Let the volume of the vessel be V cc.

) wt. in grams
Number of equivalent of NaCl= —————
eq. weight
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= 200 =8-547.
585

.. 1%
". volume of water (cc) containing 1 eq. of NaCl =8547
The sp. cond. of the NaCl solution (only due to presence of Na“ and
Cl "~ ions)
=310x107°-256x10"°
=0:54x107°.
|4
8547
Since the vessel is big, the resulting solution may be supposed to be
dilute.

A et = 0-54 % 1077 x

... (Eqn. 8)

- o
A NaCl — A NaCl

0-54 x 10 7% x

8547 - 1499

V =237 x10% cc.

Ex. 37. The equivalent conductance of 0-10 N solution of MgCl, is 97-1 mho
cm®eq.”'at 25°C. A cell with electrodes that are 1-50 cm® in surface area and
0-50 cm apart is filled with 0-1 N MgCl, solution. How much current will flow
when the potential difference between the electrodes is 5 volts?

050 1
Solution : Cell constant = ﬁ =3

equivalent conductance

Specific conductance = ... (Eqn. 8)

volume (cc) containing 1 eq.

971
~ 10,000
=0-00971 mho cm ™",

Conductance = specific conductance/cell constant

(for 0-1 N solution V=10,000 cc)

... (Eqn. 7)
0-00971
=715 =0-02913 mho.
1
—— o0
0-02913

potential difference (volt)

resistance = hm.

current in amp = (Ohm's law)

resistance (ohm)
5

-2 _(.1456 .
17002913 ampere
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Ex. 38. A 001 D* solution of KCl has a specific conductance value of
0-00141 mhoem ™. A cell filled with this solution has a resistance of
4-2156 ohms.

(a) What is the cell constant?
(b) The same cell filled with a solution of HCI has a resistance of 1-0326 ohms.
What is specific conductivity of the HCI solution?

specific conductance

Solution : (a) Cell constant =
conductance

specific conductance

1/resistance
0-00141 1
== ) 4 .
1/42156 0-00594 cm

(b) Conductance of HCI solution = mbho.

1-0326

Since the same cell is used, we shall take the same value of cell constant
in this case.

Sp. conductance = cell constant X conductance

=0-00594 x

10326
=0-00575 mho cm .

Ex. 39. The equivalent conductance at infinite dilution are sodium benzoate = 82-4;

hydrochloric acid = 426-2 and sodium chloride = 126-5 mho cm?®. Calculate A° for
benzoic acid.

Solution : From Kohlrausch’s law, we get,

A®benzoic acid = A’sod. benzoate + thydrochloric acid ~ A%sodium chloride
=82-4 +426-2 - 1265
=3821 mho cm®.

Ex. 40. At 18°C the mobilities of NH, and ClO, ions are 6:6x10~* and

57 x 10 * em? volt ' s " at infinite dilution. Calculate equivalent conductance
of ammonium chlorate solution.

Solution : From Kohlrausch’s law, we have,
A°Npyci0, = AN + Ao
=FU°\pif + FU o) ... (Eqn. 11)
=F (U°\my + Uscioy )

=96500 (66 x 10™*+57x107%
=118-67 mho cm?.

* A one demal (1 D) solution contains 1 mole of salt in 1 litre solution at 0°C.



Electrolysis and Electrolytic Conductance 187

Ex. 41. For H " and Na" the values of A° are 349-8 and 50-11 respectively. Calculate
the mobilities of these ions and their velocities if they are in a cell in which the
electrodes are 5 cm apart and to which a potential of 2 volts is applied.

Solution : We have

. . Mut 3498

U =" = 96500
=362x10" 3 cm? volt 157!

. ANt 5011

UNa™="F = 96500

=520x10"*em? volt ™ 's™!
Further, we know that

ionic velocity (cm/s)

o

- pot. diff. (volt) / distance between the electrodes (cm)
... (Eqn. 12)

2
. velocity of H*=3-62x 107 x 5

=145%103cms ™.

2
Velocity of Na*=5-20x 10"*x 5

=2.08x10 " *cms .

Ex. 42. The equivalent conductance of an infinitely dilute solution of NH,CI is 150

and the ionic conductances of OH ~and C1~ ions are 198 and 76 respectively.
What will be the equivalent conductance of the solution of NH,OH at infinite

dilution. If the equivalent conductance of a 0-01 N solution of NH,OH is 9-6, what
will be its degree of dissociation?

Solution : AONH4C1 = koNHZ"')\ch
)‘ONHZ = AONH4(]—)LOQ’ =150-76 = 74

A°nmgon = Amf +Aon = 74+198 = 272

Further,
Ac
degree of dissociation = - ... (Eqn. 9)
9:6
=57 = 0-0353.

Ex. 43. Calculate the dissociation constant of water at 25°C from the following data:
Specific conductance of H,O =5-8x10"*mho cm ™'
Ao+ =350-0 and A°qy~ = 198-0 mho cm?
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Solution : Suppose water contains X moles per litre (or X eq./L) of H" ions
(or OH ™ ions).
" X equivalents of H" ions are produced from X eq. of water
. volume (cc) containing 1 eq. of water which dissociated into its ions

_ 1000
¢
eq. conductance of water = sp. cond. X V
1000
= 5. -8 _
=58x10"°x X

Since water dissociates feebly, i.e., water may be considered to be a dilute
solution of H* and OH ~ ions,

A0 = Ah,0 = A+ + A%on™ -

5-8x10*8x%=350+198=548.
X=10x10"".

[H*]=[OH ]1=1x10"".
For the equilibrium,
H,0=H"*+OH "
I [H'][OH"]
Equilibrium constant (K) = W
K,=Kx[H,0]=[H"][OH "]
=10x107"x1:0x10 7=1x 10" ™,

K, 1x10™* 16 ,
K—m—w—l-sxlo mole/litre.
1
[ [H,O] = % =55-5 moles/litre ]
Ex. 44. Calculate K, of acetic acid if its 0-05 N solution has equivalent conductance
of 7:36 mho cm? at 25°C. (A°ciycoon = 3907)
7-36
Solution : Degree of dissociation (x) = —<£-2 _0.0188
390-7

For the equilibrium

0-05 0 0 Initial concen. (moles/litre)
CH;COOH = CH,COO™ + H*
0-05 (1 —x) 0-05 x 0-05 x Equilibrium concentration
(for CH,COQOH, 0-05 N = 0-05 M)
_ 0-05x x 0-05x

7 0:05(1 - x)
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Since x is very small,
K, = 0-05x* = 0-05 x (0-0188)*
=176 x 10~ mole/litre.

Ex. 45. The specific conductance of a saturated solution of AgCl at 25°C after
subtracting the specific conductance of conductivity of water is 228 x 10~® mho

em ™', Find the solubility product of AgCl at 25°C.
(A°pgc1 = 1383 mho cm?)

Solution : For equilibrium,
AgCl = Ag"+Cl~
Ky = [Ag*][C17]
If the solubility of AgCl in water is, say, x moles/litre or x eq./L,
Ky=x-x= p
*. volume containing 1 eq. of AgCl= @
Apgcr =sp- cond. X V
1
=2-28x10—6x$-
Since AgCl is sparingly soluble in water, Apgar= A° AgCl= 138-3.
5 228x107°0x Hlﬂ =1383

or x=1644x 107" eq./litre or mole/litre.
Ky, =x"=(1-644x107%)?
=270 x 107 (mole/litre)*

PROBLEMS

(Answers bracketed with questions)

1. Molten AICI, is electrolysed with a current of 0-5 amp to produce 27-0 g AL
(i) How many g eq. of Al were produced? (ii) How many gram-atoms of Al were
produced? (iii) How many atoms of Al were produced? (iv) How many electrons
were required? (v) What is the no. of faradays of electricity consumed? (vi) How
long did the electrolysis take place? (vii) How many litres of Cl, at NTP were
produced? (i)3g eq (ii)1 (iii) Av. constant (iv) 3 x Av. constant

{(V) 3 F (vi) 160 h 50 min (vii) 33-6 litres }

2. In the electrolysis of an aqueous Cr,(SO,), solution using a current of 2 amp, the

mass of cathode is increased by 8 g. How long was electrolysis conducted?
(619 h)
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. A spoon used as a cathode is dipped in AgNO, solution and a current of 0-2 amp

is passed for one hour. Calculate

(a) how much silver plating has occurred?

(b) how many electrons were involved in the process?

(c) what amount of copper would have been plated under similar conditions?
(0-805 g, 45 x 10°', 0-237 g)

. A steady current passing through a solution of AgNO, solution deposits 0-50 g

of Ag in 1 h. Calculate the number of coulombs. What volume of hydrogen at
27°C and 750 mm pressure would the same current liberate in one hour?
(446-7 coulombs, 57-7 mL)

. At the Nangal fertilizer plant in Punjab, hydrogen is produced by the electrolysis

of water. The hydrogen is used for the production of ammonia and nitric acid
(by oxidation of ammonia). If the average production of ammonium nitrate is
5000 kg/day, estimate the daily consumption of electricity per day.

(2-8x10° amp/day)

. In an electrolysis experiment, current was passed for 5 hours through two cells

connected in series. The first cell contains a solution of gold and second contains
CuSO, solution. 9-85¢g of gold was deposited in the first cell. If the oxidation
number of gold is +3, find the amount of Cu deposited on the cathode of the
second cell. Also calculate the magnitude of the current in ampere. (IF = 96500
coulomb) (Au =197, Zn = 654) (4-765 g, 0-8037 amp)

A constant current flowed for 2 hours through a potassium iodide solution
oxidising the iodide ion to iodine 21" — I, +2e ).
At the end of the experiment, the iodine was titrated with 21-75 mL of 0-0831 M
sodium thiosulphate solution

I, +25,0;" = 21" +S,0;7).
What was the average rate of current flow in amperes? (0-0242 amp)

. During the electrolysis of CrCl;, chlorine gas is evolved at the anode and chromium

is deposited at the cathode. How many grams of Cr and how many litres of
chlorine (at NTP) are produced, when a current of 6 amperes is passed for one
hour? (3-88 g, 2:507 litres)

. A current passes through two cells containing respectively—(i) CuSO, solution

between Cu electrode and (ii) AgNO, solution between Pt electrodes. Calculate
the loss or gain in weight of the different electrodes in the time in which 40 cc of
oxygen at NTP collects in the second cell.

(Ag=108; Cu=63-5)

0-228 g Cu deposited at cathode.

First cell {0-228 g Cu dissolved out from anode.

0-778 g of Ag deposited at cathode.

Second  cell {Wt. of anode does not change.

What weight of water will be decomposed by a current of 100 amp in 12 h?
(403 g)
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How many grams of H, and O, are produced during the electrolysis of water

under a 1.30 amp of current for 5 hours? What volumes of dry gases are

produced at NTP? H,-0245¢g,0,-19%g¢g
H,-272L,0,-136L

The water is electrolysed in a cell, hydrogen is liberated at one electrode and
oxygen is simultaneously liberated at the other. In a particular experiment
hydrogen and oxygen so produced were collected together and the total volume
measured 16-8 mL at NTP. How many coulombs were passed through the cell in
the experiment? (965 coulombs)

Ag is electrodeposited on a metallic vessel of surface area 800 cm” by passing a
current of 0-2 amp for three hours. Calculate the thickness of silver deposited,
given its density is 10-47 g/cc. (288 x 10~ * cm)

50 mL of hydrogen gas was collected over at 23°C, 740 mmHg barometric pressure.
H, was produced by the electrolysis of water. The voltage was constant at 21 volts,
the current averaged 0-50 amp for 12 minutes and 20 seconds. Calculate Avogadro
constant. (5-85 % 10%)

A current of 0-5 amp is sent through a solution of CuSO, for 20 minutes using Pt
electrodes.

(a) Calculate the weight of Cu deposited.

(b) Find out the total number of copper atoms deposited.

(Cu = 6357, Av. constant = 6:022 x 10%, 1 F = 96500 coulombs ) (0-1976 g; 1-87 x 10>")

What current is required to pass 1 mole of electrons per hour through an electrolytic
bath? How many grams of Al and Cd will be liberated by 1 mole of electrons?
(26:8amp, Al-899g,Cd-562g)

How many hours are required for a current of 3 amp to decompose electrolytically
18 g of water? (18 hours)

50 mL of a 0-1 M CuSO, solution is electrolysed for 12 minutes at a current of
0-06 amp. If Cu is produced at one electrode and O, at the other, what will be the
pH of the final solution? For HSO; =H* +S0}~, Kgjss =1:3x 1077 (2:95)

For the electrolytic production of NaClO, from NaClO, as per reactions:

ClO; + H,0 — ClO; +2H" +2¢~
(i) How many faradays of electricity would be required to produce 1 mole of
NaClO,?
(ii) What volume of H, at STP would be liberated at the cathode in the time that
it takes to form 12:25 g of NaClO,? (2 F, 2:24 litres)

Electric current is passed through two cells “A” and ‘B’ in series. Cell ‘A’ contains
an aqueous solution of Ag,SO, and platinum electrodes. The cell ‘B’ contains
aqueous solution of CuSO, and Cu electrodes. The current is passed till 1-6 g of
oxygen is liberated at the anode of cell “A’.

(i) Give equations for the reaction taking place at each electrode.
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(ii) Calculate the quantities of substances deposited at the cathodes of the two
cells. (Ag =108, Cu = 63-5)
(i) In cell 'A’; 2H,0 — O, (g) +4H" +4e at anode

Ag++e — Ag at cathode
In cell ‘B’ ; Cu — Cu*"+2e at anode
Cu’t+2e - Cu at cathode

(ii) Ag=216g;, Cu=635g

One hundred millilitres of 0-8 M copper sulphate is electrolysed for 30 minutes
by passing a current of 5 amp. Calculate the amount of copper sulphate in grams
in the solution. (532 g)

Anthracene can be oxidised anodically to anthraquinone. What weight of
anthraquinone can be produced by the passage of a current of 1 amp for 60 minutes
if the current efficiency is 100%? (12932 g)

[Hint: C,, H,,+30 — C,H,0,+H,0

mol. wt.

Eq. wt. of C,HO, = 5

]

To reduce nitrobenzene to aniline, 20 g of C.HNO, , 30 cc of an alcohol, 250 cc

of water, 11 g of HCl and 1 g of SnCl, - 2H,0 were placed in the cathode space.

After passing current at a rate of 26-5 amp-hour through the lead cathode

electrolytic cell, 12-76 g of aniline was produced. Determine the current yield.
(84-38%)

[Hint: See Example 13]

0-2964 g of Cu was deposited on passage of a current of 0-5 amp for 30 min through
a solution of copper sulphate. Calculate the atomic weight of Cu. (63-56)

Most of the copper used to make wire has been electrically refined by depositing
it from copper salts solution (divalent) on to a cathode. What is the cost of electrical
energy required per kg of copper if the cost of electricity is Rs. 0-25 per kWh and
the cell operates at 0-2 volt? The electrochemical equivalent of copper is
0-00033 g/coulomb. (42 p)

[Hint: No. of eq. in 1 kg of Cu x 0-25/no. of eq. of Cu deposited by 1 kWh = cost
in rupees.]

How long should a current of 0-5 amp be passed through 50 mL of a 0-10 M NaCl
solution in order to make its pH 12, assuming no volume change? 97 s)
Lake Cayuga has a volume of water estimated to be 82x 10" litres. A power

station not so far above Cayuga’s waters produces electricity at the rate of
1-5% 10° coulombs per second at an appropriate voltage. How long would it take
to electrolyse the lake? (19 million years)

A 200-watt, 110-volt incandescent lamp is connected in series with an electrolytic
cell of negligible resistance containing a solution of zinc chloride. What weight of
zinc will be deposited from the solution on passing the current for 30 minutes?
(Zn = 63-5; 1 faraday = 96500 coulombs) (1075 g)



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Electrolysis and Electrolytic Conductance 193

40 mL of 0-125 M of NiSO, solution is electrolysed by a current of 0-05 amp for
40 minutes. (i) Write the equation for the reactions occurring at each electrode. (ii)
How many coulombs of electricity passed through the solution? (iii) How many
grams of the product deposited on the cathode? (iv) How long will the same
current have to pass through the solution to remove completely the metal ions
from the solution? (v) At the end of electrolysis how many grams of the product
would appear at the anode? [120, 0-037 g, 19300 s, 0-08 g]

An electric current is passed through a solution of (i) silver nitrate, (ii) solution of
10 g of copper sulphate (CuSO,-5H,0) crystals in 500 mL of water, platinum
electrodes being used in each case. After 30 minutes it was found that 1-307 g of
silver has been deposited. What was the concentration of copper, expressed as
grams of copper per litre in the copper sulphate solution after electrolysis?

(4-32 g/litre)

In a fuel cell hydrogen and oxygen react to produce electricity. In the process
hydrogen gas is oxidised at the anode and oxygen at the cathode. If 67-2 litres of
H, at STP react in 15 minutes, what is the average current produced? If the entire
current is used for electrodeposition of copper from Cu (II) solution, how many
grams of copper will be deposited?

Anode reaction: H, + 20H ™ — 2H,0 +2e"
Cathode reaction: O,+2H,0+4e” — 40H™ (11T 1988) (643-34 amp, 190-5 g)
[Hint: Eq. of hydrogen = no. of faradays of electricity = eq. of Cu deposited]

3 amp of current was passed through an aqueous solution of an unknown salt of

Pd for 1 hour. 2977 g of Pd"* was deposited at the cathode. Find .
(Pd =106-4) 4)

A total of 69500 C of electricity was required to reduce 37.7 g of M to the metal.
What is M? M = 157)

A solution containing Cu(I), Ni and Zn cyanide complexes was electrolysed and
a deposit of 0.175 g was obtained. The deposit contained 72.8% Cu, 4.3% Ni and
22.9% Zn. No other element was released. Calculate the number of coulombs
passed through the solution. (3359 C)

Calculate the minimum number of kWh of electricity required to produce 1.0 kg
of Mg from electrolysis of molten MgCl, if the applied emf is 5.0 V.
(1 kKWh =3.6x10° J) (11.0 kWh)

A sample of AlLO, dissolved in a molten fluoride bath is electrolysed using a

current of 1.20 A. What is the rate of production of Al in g/hour? The oxygen
liberated at the positive carbon electrode reacts with the carbon to form CO,. What

mass of CO, is produced per hour? (0-403, 0-4924 g /h)

The specific conductance of an N/10 KCl solution at 18°C s

112 x 10 ?mho cm ™. The resistance of the solution contained in the cell is found
to be 65 ohms. Calculate the cell constant. (0728 cm ™)

When a solution of conductance 1-342 mho metre”' was placed in a conductivity
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cell with parallel electrodes, the resistance was found to be 170-5 ohm. The area

of the electrodes is 1-86 x 10™* sq metre. Calculate the distance between the two
electrodes in metres. (425 x 10> metres)

The resistances of two electrolytes, X and Y, were found to be 45 and 100 ohms
respectively when equal volumes of both the solutions were taken in the same cell
in two different experiments. If equal volumes of these solutions are mixed in the
same cell, what will be the conductance of the mixture?

[Hint: See Example 34] (0-016 mho)

The resistance of an aqueous solution containing 0-624 g of CuSO,-5H,0O per

100 ecm® of the solution in a conductance cell of cell constant 1537 per metre is
520 ohms at 298 K. Calculate the molar conductivity.
(CuSO, - 5SH,0 = 249'5) (1182 mho cm?)

An aqueous solution of 0-02 M KCl solution is filled in a 25-cm-long capillary tube

of internal radius 0-01 cm. The solution was found to have a specific conductance

of 00027 mho cm~'. What will be the current in amp when a potential of 2 volts
is applied across the capillary tube? 678x107° amp)

Given the equivalent conductance of sodium butyrate, sodium chloride and
hydrogen chloride as 83, 127 and 426 mho cm” at 25°C respectively. Calculate the
equivalent conductance of butyric acid at infinite dilution. (382 mho cm?)
A dilute solution of KCl was placed between two platinum electrodes 10 cm apart,
across which a potential of 6 volts was applied. How far would the K ion move
in 2 hours at 25°C? Ionic conductance of K* ion at infinite dilution at 25°C is

73-52 mho cm’. (329 cm)

For 0-0128 N solution of acetic acid at 25°C, equivalent conductance of the solution

1

is 1-4 mho cm’ eq~' and A, =391 mho cm”eq . Calculate dissociation constant

(K,) of acetic acid. (1-6x107)

The specific conductance at 25°C of a saturated solution of AgCl in water is
1-826 x 10”° mho ecm ™. If A° Agcl is equal to 138:26 mho em’, find out the solubility
of AgCl in water in grams per litre. (1-89x 10> g/L)

Specific conductance of pure water at 25°C is 0-58 x 10”7 mho ¢cm ™. Calculate
ionic product of water (K,,) if ionic conductances of H* and OH ™ ions at infinite
dilution are 350 and 198 mho cm’ respectively at 25°C. (1 x 10™") (mole/litre)”
The molar conductivity of solution of a weak acid HX (0.01 M) is ten times smaller
than the molar conductivity of a solution of a weak acid HY (0.1 M). If
A°- =1° -, the difference in their pK, values, {pK,(HX) - pK,(HY)} is ... .

(Consider degree of dissociation of both acids to be << 1. (IIT 2015 Adv.) (3)
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A 1 /A7 A,
[Hint: X A EX fx Voo=—
Ay 10 Oy /Ny A

o . ooy 1
As 7»;=7»y’, Apx =Ny Ot_mzﬁ
(KDux _ 0-01064)(
Ky 010,y

The conductance of a 0.0015 M aqueous solution of a weak monobasic acid was
determined by using a conductivity cell consisting of Pt electrodes. The distance
between the electrods is 120 cm with an area of cross section of 1 cm” The
conductance of this solution was found to be 5x 107 S. The pH of the solution
is 4. The value of limiting molar conductivity (A°) of this monobasic acid in
aqueous solution is Z x 10°S cm™ mol ™. The value of Z is ... . (IIT 2017 Adv.) (6)

Objective Problems

. The number of electrons involved in the reaction when one faraday of electricity

is passed through an electrolyte is
(a) 12x10* (b) 96,500 (c) 6x 107 (d) 8x 10"

. Number of electrons involved in the electrodeposition of 63-5 g of Cu from a

solution of CuSO, is

(a) 6022 x 10* (b) 3:011 x 10%
(c) 12:044 x 107 (d) 6:022 x 10*
. Faraday’s laws of electrolysis are related to the

(a) atomic number of the cation
(b) atomic number of the anion
(c) equivalent weight of the electrolyte

(d) speed of the cation (IIT 1985)
. The electric charge for electrodeposition of 1 eq. of a substance is
(a) one ampere per second (b) 96500 coulombs per second
(c) one ampere for one hour (d) charge on one mole of electrons
. 1 coulomb of electricity produces m kg of a substance X. Electrochemical equivalent
of X is
(a) m (b) mx10° () mx10~° (d) all wrong
. Electrochemical equivalent of a substance is 0-0006735; its eq. wt. is
(a) 65 (b) 67-35
(c) 130 (d) cannot be calculated
. When electricity is passed through a solution of AICl;,13-5 g of Al is deposited.

The number of faradays must be
(a) 1-0 (b) 15 (c) 05 (d) 2:0

. 3:17 g of a substance was deposited by the flow of 0-1 mole of electrons. The

equivalent weight of the substance is
(a) 3-17 (b) 0:317 (c) 317 (d) 317
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. A current of 0-5 ampere when passed through AgNO, solution for 193 seconds
deposited 0-108 g of Ag. The equivalent weight of Ag is

(a) 10-8 (b) 108 (c) 54 @1

In the electrolysis of an aqueous solution of a salt, the pH in the space near one
of the electrodes increased. A solution of which of the following salts was
electrolysed?

(a) Cu(NO,), (b) CuCl, (c) KC1 (d) none of these

. In the electrolysis of CuCl, solution (aq) with Cu electrodes, the weight of cathode
increased by 3-2 g. In the anode,

(a) 0-05 mole of Cu®" will go into the solution
(b) 560 mL of O, will be liberated
(c) 112 mL of Cl, will be liberated

(d) 32 mole of Cu®* will go into the solution

The current required to displace 0-1 g of H, in 10 seconds will be
(a) 9-65 amp (b) 1-988 amp (c) 198 amp (d) 965 amp

13. The charge of an electron is 1-6 x 107" coulomb. How many electrons per second
pass through a cross section of a Cu wire carrying 10™'° amp?
(a) 300 (b) 1800 (c) 1200 (d) 600

14. 96500 coulombs deposit 107-9 g of Ag from its solution. If e=1-6 x 10" ¥ coulomb,
calculate the number of electrons per mole of electrons
(a) 96500 (b) 1-6x10° " (c) 6:02x10% (d) 6:02x10%

15.

A current of 2 amp passing for 5 hours through a molten tin salt deposits 22-2 g
of tin. The oxidation state of the tin in the salt is

(a) +4 (b) +3 (c) +2 d) +1
16. The cost at 5 paise/kWh of operating an electric motor for 8 hours which takes
15 amp at 110 V is
(a) Rs 66 (b) 66 paise (c) 37 paise (d) Rs 6:60
[Hint: W=1V]
17. One faraday of current was passed through the electrolytic cells placed in series

18.

19.

containing solutions of Ag*, Ni** and Cr*** respectively. The amounts of Ag
(at. wt. =108), Ni (at. wt.=59) and Cr (at. wt. = 52) deposited will be

Ag Ni Cr
(a) 108 g 295 g 174 g
(b) 108 g 590 g 520 ¢g
(c) 108 g 1080 g 1080 g
(d) 108 g 1175 g 1660 g

The time required to remove electrolytically one-fourth of Ag from 0-2 litre of
0-1 M AgNO, solution by a current of 0-1 amp is

(a) 320 min (b) 160 min (c) 80 min (d) 40 min

In the electrolysis of H,SO,, 9-72 litres and 235 litres of H, and O, were liberated.
Number of equivalent of persulphuric acid (H,5,05) produced is

(a) 0-448 (b) 0-224 (c) 0-868 (d) 0-42
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[Hint: Reactions are 2H,S0, — H,S,Oy+H,
2H,0 — 2H,+0,]

In the electrolysis of H,O, 11-2 litres of H, was liberated at cathode at NTP. How
much O, will be liberated at anode under the same conditions?

(a) 11-2 litres (b) 22-4 litres (©)32¢g (d) 56 litres

A galvanic cell was operated under almost ideally reversible conditions at a current
of 10 ™" amp. How long would it take to deliver 1 mole of electrons?

(a) 965x 10" s (b) 96,500 s

(c) 965x10 s (d) none of these

The time required for a current of 3 amp to decompose electrolytically 18 g of
H,Ois

(a) 18 hours (b) 36 hours (c) 9 hours (d) 18 seconds

A constant current of 1.50 amp is passed through an electrolytic cell containing
0.10 N solution of AgNO, and a silver anode and a platinum cathode are used.
After some time, the concentration of the AgNO, solution may be

(a) equal to 0.10 M (b) less than 0.10 M

(c) greater than 0.10 M (d) none of these

Which of the following processes is used in the extraction metallurgy of Mg?

(a) Fused salt electrolysis (b) Self-reduction

(c) Aqueous solution electrolysis (d) Thermite reduction (IIT 2002)
In which of the following aqueous solutions, H, and O, are not liberated at cathode
and anode respectively on electrolysis using inert electrodes?

(a) H,SO, solution (b) NaOH solution

(c) Na,SO, solution (d) AgNO, solution

[Hint: Read text for preferential discharge of ions.)

The aqueous solutions of the following substances were electrolysed. In which
case, the pH of the solution does not change if inert electrodes are used.
(a) AgNO, (b) CuSO, (c) NaCl (d) K;SO,

Electrolytic conduction is due to the movement of
(a) molecules (b) atoms (c) ions (d) electrons

Which of the following equations is correct?
(a) Cond. = sp. cond. x cell constant

(b) Eq. cond. = sp. cond. x cell constant

(c) Cond. = eq. cond. x cell constant

(d) Cell constant = sp. cond./cond.

Which of the following solutions of KCl has the lowest value of specific
conductance?

(@ 1M (b) 01 M (c) 001 M (d) 0-001 M

Which of the following solutions of KCI has the lowest value of equivalent

conductance?
@ 1M (b) 01 M (c) 0-01 M (d) 0-001 M
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Under which of the following conditions, conductance, sp. conductance and eq.
conductance are all equal?

(a) 1000 cc of the solution contains 1 eq. of the electrolyte

(b) 100 cc of the solution contains 1 eq. of the electrolyte

(c) 10 cc of the solution contains 1 eq. of the electrolyte

(d) 1 cc of the solution contains 1 eq. of the electrolyte

Which of the following is the unit of eq. conductance?
(a) mho (b) mho cm’ (c) mho ecm ™" (d) mho cm~*
If V, in the equation A =sp. cond. x V, is the volume in cc containing 1 eq. of the

electrolyte; V for a N solution will be

10
(a) 10 cc (b) 100 cc (c) 1000 cc (d) 10,000 cc
At infinite dilution, the eq. conductances of CH,COONa, HCl and CH,COOH are

91, 426 and 391 mho cm’ respectively at 25°C. The eq. conductance of NaCl at
infinite dilution will be
(a) 126 (b) 209 (c) 391 (d) 908

An aqueous solution of X is added slowly to an aqueous solution of Y as shown
in List I. The variation in conductivity of these reactions is given in List II. Match
List I with List II and select the correct answer using the code given below the
Lists.

List I List 1T
P. (CHs), N + CH;COOH 1. Conductivity —decreases and then
X Y increases.
Q. KI(0.1 M) + AgNO3(0.01 M) 2. Conductivity decreases and then does
X Y not change much.
R. CH;COOH + KOH 3. Conductivity increases and then does
X Y not change much.
S. NaOH + HI 4. Conductivity does not change much
X Y and then increases.
Codes
(@ P Q R S (b) P Q R S
3 4 2 1 4 3 2 1
(¢ P Q R S (d) P Q R S
2 3 4 1 1 4 3 2
[Hint: See Mod. App. to Phy. Chemistry, Vol. I Ch. 7.] (IIT 2013 Adv.)
36. Resistance of 0.2 M solution of an electrolyte is 50 Q. The specific conductance of

37.

the solution of 0.5 M solution of same electrolyte is 1.4 S m™" and resistance of
same solution of the same electrolyte is 280 Q. The molar conductivity of 0.5 M
solution of the electrolyte is 5 m” mol ™ is

(a) 5x10™ (b) 5x 107
() 5x10° (d) 5x10? (IIT 2014 Main)

The equivalent conductance of NaCl at concentration, C and at infinite dilution
are A, and A, respectively. The correct relationship between A. and A, is given



38.

39.

40.

Electrolysis and Electrolytic Conductance 199

by (where the constant B is positive)
@ A.=A.+BC (b) A,.=A,-(B)C () A,=A.—BNVNC (d) A, =A.+BNC

[Hint: Read Mod. App. to Phy. Chemistry vol I, Ch.7] (IIT 2014 Main)

Two faraday of electricity is passed through a solution of CuSO,. The mass of Cu
deposited at the cathode is (Atomic mass of Cu = 63.5 u)
(@0g (b) 635 g ©2g (d) 127 g

(IIT 2015 Main)

How long (approximate) water be electrolysed by passing through 100 amperes
current so that the oxygen released can completely burn 27.66 g of diborane?
(B =108 u)

(a) 1.6 hours (b) 6.4 hours (c) 0.8 hours (d) 3.2 hours

[Hint: B,H, + 30, — B,0,+3H,0] (ITT 2018 Main)
When an electric current is passed through acidified water, 112 mL of hydrogen
gas at NTP was collected at the cathode in 965 seconds. The current passed, in
ampere, is

(a) 0.5 (b) 0.1 (c) 1.0 (d) 2.0

(IIT 2018 Main)

Answers

1-¢c, 2-¢c, 3-c, 4-d, 5-b, 6-a, 7-b, 8-d, 9-b, 10-c, 11-a, 12-d, 13-d, 14-c, 15-c, 16-b, 17-a,
18-c, 19-a, 20-d, 21-a, 22-a, 23-a, 24-a, 25-d, 26-d, 27-c, 28-d, 29-d, 30-a, 31-d, 32-b,
33-d, 34-a, 35-a, 36-a, 37-c, 38-b, 39-d, 40-c.

Q



CHAPTER NINE

ESTIMATION OF ELEMENTS IN
ORGANIC COMPOUNDS

In the estimation of elements in organic compounds, the atoms of the element
to be estimated, present in the organic compound are quantitatively converted
to another compound and then the number of moles of atoms of the element
in that compound is calculated by the mole method, e.g.,, C and H in the
organic compound are converted to CO, and H,O respectively. The moles of
C in CO, and the moles of H in H,O are calculated which give the moles of
C and H present in the organic compound. The same method is applied to
the estimation of other elements, the moles of which are calculated as given
below:

combustion
C CO,; moles of Cin CO,=1xmoles of CO,
(" 1 mole of CO, contains 1 mole of C)
H H,0O; moles of H in H,0 =2 x moles of H,O

("~ 1 mole of H,O contains 2 moles of H)
Halogen (X) ——— AgX; moles of X in AgX=1xmoles of AgX
(Carius method)
("~ 1 mole of AgX contains 1 mole of X)

S BaSO,;
(Carius method)

moles of S in BaSO, =1 x moles of BaSO,
(" 1 mole of BaSO, contains 1 mole of S)

P Mg,P,O, ; moles of P in Mg,P,O.
(Carius method) 82127 8212Y7

=2xmoles of Mg,P,0,
( 1 mole of Mg,P,O, contains 2 moles of P)
N N, gas at NTP;

(Dumas method)

2 xvol TP
moles of N=2xmoles of N,= 2 x volume (NTP)

22400
(" 1 mole of N, contains 2 moles of N)
N NH;; moles of N in NH; =1 xmoles of NH,

(Kjeldahl method)

(" 1 mole of NH; contains 1 mole of N)

200
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Oxygen atoms are not estimated directly. The percentage of all the elements
except oxygen are determined and their sum when subtracted from 100 gives the
percentage of oxygen.

EXAMPLES
Carbon and Hydrogen

Ex. 1. 0-16 g of an organic compound, on complete combustion, produced 0-44 g of
CO, and 0-18 g of H,O. Calculate the percentage of carbon and hydrogen in
the organic compound.

Solution : Moles of C in CO, =1 x moles of CO,
0-44

=1x - 0-01 (Rule 1, Chapter 1)

Weight of C=moles of Cxat. wt. of C
(Rule 2, Chapter 1)
=001x12=012g.
Moles of H in H,0 =2 xmoles of H,O
0-18
=2x ST 0-02. (Rule 1, Chapter 1)
weight of H=moles of Hxat. wt. of H
(Rule 2, Chapter 1)
=0:02x1=0-02g.
% of C= 012 %100 = 75%
0-16

0-02
% of H=—-x100=12-5%.
and Yo O 0-16X 00 5%

Oxygen

Ex. 2. 0-66 g of an organic compound containing C, H and O gave on combustion
0-968 g of CO, and 0792 g of H,O. Calculate the percentage of O in the
compound. (C=12, H=1, O=16)

Solution : Moles of C in CO, =1 x moles of CO, (Rule 1, Chapter 1)
0-968
=1x T =0-022.

Wt of C =0-022x12=0-264 g. (Rule 2, Chapter 1)
Moles of H in H,0O =2 X moles of H,O
0-792
=2X T =0-088.
Weight of H =0-088 x 1 =0-088 g.
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Total weight of C and H in the compound = (0-264 + 0-088) g =0-352 g.
weight of O in the compound = (0-66 —0-352) g =0-308 g.

% of O in the compound = %36068 x 100 = 46-67%.

Nitrogen (From Dumas Method)

Ex. 3. 0-2033 g of an organic compound in Dumas method gave 31-7 mL of moist
nitrogen at 14°C and 758 mm pressure. Calculate the percentage of nitrogen
in the compound. (Aqueous tension at 14°C = 14 mm, N = 14)

Solution : Pressure due to nitrogen only =758 — 14 = 744 mm.
744 x 31-7 x 273
287 x 760

=29-52 mL.
2952

22400

29-52
22400

Volume of nitrogen at NTP =

Mole of nitrogen = (Rule 3, Chapter 1)

Weight of nitrogen (N,) = ——~x28=0-0369 g. (Rule 1, Chapter 1)

0-0369
% of nitrogen = 02033 x 100 = 18-16%.

From Kjeldahl Method

Ex. 4. 1:525g of an organic compound was Kjeldahlised and the ammonia so
produced was passed into 30 mL of N HCI solution. The remaining HCI was

further neutralised by 120 mL of % NaOH solution. Calculate the percentage

of nitrogen in the compound.

The students are advised to solve this problem after doing
the volumetric problems.

Solution : m.e. of NaOH = 11—0 x 120 =12. (Eqn. 1, Chapter 7)
m.e. of remaining HCl =

(neutralised by NaOH) (Eqn. 2, Chapter 7)

m.e. of HCI (total) =1 x 30 =30. (Eqn. 1, Chapter 7)

m.e. of HCI neutralised by NH;=30-12=18.
m.e. of NH; =18 (Eqn. 2, Chapter 7)
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18
Eq. of NH;= 1000°= 0-018. (Eqn. 3, Chapter 7)
mole of NH, =0-018. [Eqn. 6(ii), Chapter 7]

Now mole of N in NH; =1 xmole of NH;
=1x0-018=0-018.
Weight of nitrogen (N) =0-018 x14=0252 g.

0-252
f 1 = 1 = 1 * 200.
percentage of nitrogen 1525 % 00 = 16-52%

Ex. 5. 0-42 g of an organic compound containing C, H, O and N gave on combustion
0-924 g of CO, and 0-243 g of water. 0-208 g of the substance when distilled
with NaOH gave NH; , which required 30 mL of (N/20) H,SO, solution for
neutralization. Calculate the amount of each element in 0-42 g of the compound.

Solution : Carbon

Moles of C in CO, =1 xmoles of CO,

0-924
=1x T =0-021.
Weight of C=0-021 x12=0-252 g. (Rule 2, Chapter 1)
Hydrogen
Moles of H in H,O =2 x moles of H,O
0-243
=2X 18 " 0-027.
Weight of H=0-027 x1=0-027 g. (Rule 2, Chapter 1)
Nitrogen
m.e. of H,S0O,= 21—0 x30=15. (Eqn. 1, Chapter 7)
m.e. of NH; =1-5. (Eqn. 2, Chapter 7)
1.5
Eq. of NH; = 1000~ 0-0015. (Eqn. 3, Chapter 7)
moles of NH,;=0-0015. [Eqn. 6(ii), Chapter 7]
Now,

moles of N in NH; =1 x moles of NH; =0-0015.
Weight of N in 0-208 g of the compound = 0-0015 x 14

=0-021g.

. weight of N in 0-42 g of the compound = 0021 x 0-42.

0-208

=0-042 g.

Oxygen

.. total weight of C, H and N =(0-252 + 0-027 + 0-042) g
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=0321g.
weight of O=0-42-0-321
=0-099 g.

Halogen (From Carius Method)

Ex. 6. In the estimation of chlorine in a given compound, it was found that
0-0811 g of a compound gave 0-2368 g of silver chloride. Calculate the percentage

of chlorine in the given compound. (Ag =108, CI = 35-5)
Solution : Moles of Cl in AgCl =1 xmole of AgCl
0-2368
=———. (AgCl=143
35 (AECI=149)
0-2368
. lorine = 22368 o5
Weight of chlorine 1435 355
=0-0586 g.
Percentage of Cl in the compound = 0-0586 x 100
0-0811
=7227%.

Sulphur (From Carius Method)

Ex. 7.0-36 g of an organic compound containing sulphur produced H,50, by Carius
method, which on treatment with BaCl, produced quantitatively 0-2330 g of
BaSO, . Calculate the percentage of S in the compound.

(Ba=137,5=232,0=16)

Solution : Moles of S in BaSO, =1 x mole of BaSO,
= % =0-001. (BaSO, = 233)
Weight of S=0-001x32g
=0-032 g.
0-032
0-36

% of S= x 100 = 8-:89%.

Phosphorus (From Carius Method)

Ex. 8. In a gravimetric determination of phosphorus, 0-248 g of an organic compound
was strongly heated in a Carius tube with concentrated nitric acid. Phosphoric
acid so produced was precipitated as MgNH,PO, which on ignition yielded
0-444 g of Mg,P,0O;. Find the percentage of phosphorus in the compound.

(Mg=24, P=31, O=16)
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Solution : Moles of P in Mg,P,0, =2 x moles of Mg,P,0,
0-444

ZZXEZO-OOALg.
Weight of P=0-004x31g
=0124 g

0-124 .
percentage of P = 0248~ 100 = 50%.

PROBLEMS

(Answers bracketed with questions)

1. 0-3g of a compound on combustion gave 0-54 g of water and 0-88 g of carbon
dioxide. Find the percentages of carbon and hydrogen in the compound.
(80%, 20%)

2. 0-2475¢g of an organic compound on combustion gave 0-4950g of CO, and
0-2025 g of H,O. Calculate the percentage of oxygen in the compound. (36:37%)

3. 02060 g of a substance gave 188 mL of moist nitrogen at 17°C and 756 mm
pressure. If the vapour tension at 17°C is 14-5 mm, find the percentage of nitrogen
in the compound. (10-56%)

4. An organic compound of molecular formula C;H,N was analysed for nitrogen by

Dumas method. Find the volume (in mL) of nitrogen evolved at NTP from 2 g of
the substance. (393 mL)

5. 0-788¢g of a substance after digestion with H,SO, was distilled with an excess of
NaOH. The liberated NH; was absorbed in 100 mL of N H,SO, solution. The

remaining acid required 73-7 mL of N NaOH solution for neutralization. Find the
percentage of nitrogen in the compound. (46:7%)

6. Find the percentage of nitrogen in an organic compound analysed by Kjeldahl
method. 1-61 g of the compound produced NH, which was absorbed in 250 mL

N
of EHZSO4 solution. The remaining acid was then diluted to one litre, 25 mL
of which required 25-5 mL of N/10 NaOH for exact neutralization. (20%)
7. An organic compound contains C, H, N and O. 0-135g of this compound on

combustion produced 0-198 g of CO, and 0-108 g of H,O while the same amount

gave 16-8 mL of nitrogen at 0°C and 76 cm of pressure. Calculate the percentage
of oxygen in the compound. (35-44%)

8. 01890 g of an organic compound gave 0-2870 g of silver chloride by Carius method.
Find the percentage of chlorine in the compound. (37-57%)

9. 0-123 g of an organic compound produced 0-099 g of CO, and 0-0507 g of H,O.
0-185 g of the same compound produced 0-319 g of AgBr. Find the percentages of
carbon, hydrogen and bromine in the compound. (21-96%, 4-48%, 73-36%)
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11.

12.

13.
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0-2595 g of an organic compound yielded quantitatively 0-35 g of BaSO4. Find the
percentage of sulphur in the compound. (Ba=137-3, 5=32, O =16) (18-5%)

1.5 g of an organic compound in a quantitative determination of phosphorus
gave 2:5090 g of Mg,P,0,. Calculate the percentage of phosphorus in the
compound. (46-71%)

For the estimation of N, 1.4 g of an organic compound was digested by Kjeldahl

method and the evolved ammonia was absorbed in 60 mL of 11\4—0HZSO4. The

unreacted acid required 20 mL of 11\/1_0 NaOH for complete neutralisation. The
percentage of N in the compound is
(a) 6% (b) 10% (C) 3% (d) 5%
(b)
(IIT 2014 Main)

[Hint: For H,SO, : 0.1 M = 0.2 N]

In Carius method of estimation of halogen, 250 mg of an organic compound gave

141 mg of AgBr. The percentage of bromine in the compound is (Ag = 108, Br = 80).
(a) 24 (b) 36 (c) 48 (d) 60

(@)

(IIT 2015 Main)



CHAPTER TEN

EMPIRICAL, MOLECULAR AND
STRUCTURAL FORMULAE

The utility of the mole concept is further illustrated by the problems of
determining the empirical and molecular formulae of the compounds.
Empirical formula represents the simplest set of whole numbers expressing
the relative numbers of atoms in the compound and anything that can be said
about relative numbers of atoms may be said about the relative numbers of
moles of atoms. A calculation of the relative numbers of moles of each element
in the compound will, therefore, lead us to the empirical formula of the
compound. The empirical formula implies nothing about how many moles of
atoms are actually in one mole of the compound. In fact, the molecular formula
expresses the actual numbers of moles of atoms of each element present in one mole
of the compound.

The molecular formula weight is the whole number multiple of the
empirical formula weight for a given compound.

Molecular formula weight

Empirical formula weight =" (say)
Thus if X represents the empirical formula of a compound, its molecular

formula will be represented as (X),,.
EXAMPLES

Ex. 1. Find the empirical formula of chromium oxide containing 68-4% of chromium.
(Cr=52,0=16)

Solution : Let the weight of chromium oxide be 100 g.
weight of chromium =68-4 g
and weight of oxygen=31-6g.
moles of chromium = 684 =132

>2 ... (Eqn. 2)

1.
and moles of oxygen= % =1.98.

Relative numbers of moles of Cr and O atoms

_moles of Cr _1:32 132 _2x66 _2 .\ o oction only)
= Tmoles of O 198 198 3x66 3 Py Inspection only).

The empirical formula is Cr,0;.

207
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Ex. 2. Find the empirical formula of vanadium oxide if 273 g of the oxide contains
1-53 g of the metal. (V=51, O=16)

Solution : Weight of vanadium =153 g.
Weight of oxygen =2-73-1-53=120g.

Mole of V—i3—003

Mole of 0—11—260—0075

V:0=003:0075=30:75=2x15:5x15
=2:5(by inspection only).

(Rule 2, Chap. 1)

". the empirical formula is V,Os5.
Ex. 3. Find the empirical formula of a substance whose composition includes
hydrogen, carbon, oxygen and nitrogen in the mass ratio 1 : 3 : 4 : 7.

Solution : Suppose the weights of each element in the compound are as

follows:

H= 1g—— mole

C=3g-= i mole
(Rule 2, Chap. 1)

O=4g=14—6 mole

N=7g=— mole

H:C:0:N=1:

*. the empirical formula is H;CON, .

Ex. 4. A sample of metal chloride weighing 0-22 g required 0-51 g of AgNO; to
precipitate the chloride completely. The specific heat of the metal is 0-057. Find
out the molecular formula of the chloride, if the symbol of the metal is ‘M’
(Ag=108, N=14, O=16, C1=355)

Solution : Let the valency of the metal M be x
MCIL, + AgNO;, — AgCl
As it is clear from the question that both Ag and Cl atoms are conserved,
applying POAC for Ag atoms, we get
moles of Ag atoms in AgNO; =moles of Agatoms in AgCl
1 xmoles of AgNO;=1xmoles of AgCl
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0-51
ﬁzmoles of AgCL .. (D)

Again applying POAC for CI atoms, we get
moles of CI atoms in MCl, = moles of Cl atoms in AgCl
x xmoles of MCl,=1xmoles of AgCl
x 0-22
mol. wt. of MCl,

=moles of AgCl.

4
Now, at. wt. of M= 0607 =112-3 (Dulong and Petit’s law)

molecular weight of MCL, = (112-3 + 35-5x).
0-22
XX —————————
(112:3 + 355 1)
From equations (1) and (2),

=moles of AgCL .. (2

x=3
Since valency is a whole number
* x =3 and the formula of the metal chloride is MCl; .

Ex. 5. Find the formula of the crystal hydrate of barium chloride knowing that
36:6 g of the salt when roasted, loses 5-4 g of mass.
Solution : Let the formula be BaCl, - x H,O.
Since 5-4 g loss, on heating the salt, is due to the loss of H,O molecules,
the weight of H,O =5-4g, and
the weight of BaCl, =36:6 — 5-4
=3l2g.
Now from the formula BaCl, - x H,O we know,
x xmoles of BaCl,=1xmoles of H,O (Rule 6, Chapter 2)
312 54
2083 18
x=2.
The formula is BaCl, - 2H,0.

x (BaCl, =208-3, H,O = 18)

Ex. 6. A hydrated sulphate of a metal contained 8-1% metal and 43-2% sulphate
(SO7™) by weight. Assuming the specific heat of the metal to be 0-24, determine
the formula of the hydrated sulphate.

Solution : Suppose the metal M has a valency x and number of moles of
H,O in one mole of the hydrated sulphate of the metal is y.
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Hence the formula will be M,(SOy), - ¥ H,O from which we have (from
Eqn. 6, Chapter 1) the following equations:

x X moles of M =2 xmoles of SO, (D)
and yxmoles of M,(SO,)=1xmoles of H,O. )

Now wt. of M=81g

Wt. of SO, =432 g} in 100 g of M,(SO,), - yH,O

Wt. of H,O=487g¢g
Eqn. (1) becomes

81 432
X X =2X
at. wt. of M ionic wt. of SO, ~
81 2x432 64
XE— % [at.w.—@—27
(Dulong and Petit’s law)
x=3

From Eqn. (2), we have
(81+432) 487 M,(SO,); = 342
Y T { H,0=18 }
y=18.
-~ formula is AL(SO,); - 18H,0.

Ex. 7. Find the molecular formula of a compound of boron with hydrogen if the
mass of 1 litre of this gas equals the mass of 1 litre of nitrogen under same
condition and the boron content in the substance is 78-2%.

(B=11, N=14, O =16)

Solution : 100 g of the compound contains 78-2 g of B and 21-8 g of H.

782
Moles of B = T =71.
Moles of H = 211—8 =21-8.
B:H=1:3

Empirical formula is BH;.
*. empirical formula weight =11 +3 = 14.
Now, since equal volumes of two gases contain the same number of
molecules or moles if their temperature and pressure are the same, the
number of moles of the gaseous compound is equal to the number of
moles of nitrogen, both the gases occupying 1 litre of volume.
Moles of the compound = moles of N, .
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weight of the compound  weight of N,

mol. wt. of the compound mol. wt. of N,

weight of compound = weight of N, (as given).
Molecular weight of the compound = molecular weight of N, =28.
molecular formula weight of the compound 28

We know, empirical formula wt. of the compound TRl

. molecular formula is (BH;),, i.e.,, B,Hy.

Ex. 8. A mineral contained MgO =31-88%, SiO ,=63-37% and H,O =4-75%.
Show that the simplest formula for the mineral is H,Mg;5i,0,.
(H=1, Mg=24, Si=28, O=16)

Solution : Suppose the weight of the mineral is 100 g. Then
weight of MgO =31-88 g,
weight of SO,=63-37g,
weight of H,O=475g.
Moles of Mg in MgO =1 xmoles of MgO
= %838 =0-797. ... (Rule 1, Chapter 1)

Moles of Si in SiO, =1 xmoles of SiO,

=1 =1.0561. ... (Rule 1, Chapter 1)

= =(0-5278. ... (Rule 1, Chapter 1)

Moles of O
=moles of O in MgO + moles of O in SiO, + moles of O in H,O
=1 x moles of MgO + 2 X moles of SiO, + 1 x moles of H,O
= %  2x6357 X66337 + % =3172,
Moles of O =3-172.
Now, by inspection, we have
moles of H=05278 =0-2639 x2
moles of Mg=0-797 =0-2639 x3
moles of Si=1.0561 =0-2639 x4
moles of O=3172 =0-2639 x 12
H:Mg:5i:0=2:3:4:12.
The formula is H,Mg;5i,O;, .
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Ex. 9. 0-596 g of a gaseous compound containing only boron and hydrogen occupies
484 mL at NTP. When the compound was ignited in excess of oxygen, all its
hydrogen was recovered as 1-17 g of H,O and all the boron was present as
B,O5. Find the molecular formula of the compound. (B=10-8, H=1)

Solution : 484 mL of the gaseous compound at NTP weighs 0-596 g.
" molecular weight of the compound
= wt. of 1 mole of the compound
=wt. of 22400 mL at NTP
_059%
484
Let the formula be B,H,.
The reaction may be written as, B.H, +O, — H,O+B,0;
059 g 117 g

x 22400 = 27-6.

Applying POAC for H atoms,
yxmoles of BH, =2xmoles of H,O

059 _2x117
Y976 = 18
y=6.

Further, for the formula BxHy , mol. wt. = 27-6.
10-8 x + 1y =276
10-8x + 6 =276
x=2.
Hence the molecular formula is B,H, .

Ex. 10. A hydrocarbon contains 10-5 g of carbon per gram of hydrogen. 1 litre of
the hydrocarbon at 127°C and 1 atm pressure weighs 2-8 g. Find molecular

formula.
xV, T
Solution : Volume at NTP = P x =
T Py
1x1 273 073
T7400 C1T 400 T
273 .. .
200 litre weighs 2-8 g at NTP.
2-8 x 400
22-4 litres (1 mole) weighs = S e %204 g.

273
-9189 g
=g
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". molecular weight of the hydrocarbon = 92.
Weight  Mole
{C 105g 10-5/12 =0-875

H lg 171 =1
or C:H=0875:1
=0-875x8:1x8 (by inspection)
=7:8.

Thus empirical formula is C,Hj.

Now empirical formula weight = 92 = molecular weight.
Hence molecular formula is also C,Hg.

Ex. 11. An organic compound contains C, H and O. 0-30 g of this compound on
combustion yielded 0-44 g of CO, and 0-18 g of H,O. If the weight of 1 mole

of the compound is 60, show that the molecular formula is C,H,O, .

0-44

Solution : Moles of C in CO, =1 x moles of CO, = - 0-01.
... (Rule 1, Chapter 1)
Weight of C=0-01x12g =012 g. ... (Rule 2, Chapter 1)
Moles of H in H,O =2 x moles of H,0O= 2 Xl(;-18 =0-02.

Weight of H=0-02x1=0-02g.
Weight of O = weight of compound — (wt. of C + wt. of H)
=0-30-(0-12+0:02) g
=016 g.
016

mole of O = o6 - 0-01.

~moleof C:H:0=001:002:001=1:2:1.

*. empirical formula = CH,O.

Now, since the weight of 1 mole is the molecular weight in grams, the
molecular weight of the compound is 60.

molecular formula weight 60

empirical formula weight 30 ~
Thus, the molecular formula is (CH,0),, i.e., C,H,0O,.

Ex. 12. 0-2 g of a monobasic organic acid containing C, H and O on combustion
gave 0-505 g of CO, and 0-0892 g of H,O. 0-183 g of this acid required 15 cc
of N/10 NaOH for exact neutralisation. Find the molecular formula of the acid.
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0-505

Solution : Moles of C =1 x moles of CO, = T 0-0115.
Wt. of C=00115x12=0-1380 g.
Moles of H =2 x moles of H,O =2 x 0'2%92 =0-0099.

Ex.

Wt. of H=0-0099 x 1=0-0099 g.
Wt. of O =wt. of the compound — (wt. of C + wt.
=0-2 - (0-1380 +0-0099) = 0-0521 g.

Moles of O = % =0-0033.

moles of C:H:0O=0-0115:0-0099 : 0-0033
=115:99:33
=35:3:1=7:6:2.

Empirical formula is C,H,O,.

Now, since the acid is monobasic, mol. wt. = eq. wt. ..

-1 1
equivalent of the acid = 0185 0185
eq. wt. mol. wt.
m.e. of the acid = 0183 x 1000
mol. wt.
__ 18
" mol. wt.
m.e. of the base = 11—0 x15=1-5.
m.e. of the acid= m.e. of the base
&z 1-5. s mol. wt. = 122.
mol. wt.

of H)

.(Eqn

.. (Eqn

. 6, Chapter 7)

. 4, Chapter 7)

.. (Eqn. 3, Chapter 7)

.. (Eqn

... (Eqn

. 1, Chapter 7)

. 2, Chapter 7)

Since the empirical formula weight, i.e., 84 + 6 + 32 =122, is equal to the
molecular formula weight, the molecular formula of the acid is the same
as the empirical formula. Hence, the formula is C;H,O, .

13. One volume of a gaseous compound of carbon, hydrogen and nitrogen on
combustion produced 2 volumes of CO, , 3-5 volumes of H,O and 0-5 volume
of nitrogen under identical conditions of temperature and pressure. Find the

empirical and molecular formulae of the compound.

Solution : Avogadro’s principle states that equal volumes of gases contain

the same number of molecules or moles.

Compound — CO, + HO + N,
1 vol. 2 vol. 3-5 vol. 0-5 vol.
1 mole 2 moles 3-5 moles 0-5 moles
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Moles of C in CO, =1 x moles of CO,
=1x2=2.

Moles of H in H,0O =2 x moles of H,0O
=2x35=7.

Moles of N in N, =2 xmoles of N, =2 x0-5=1.

Hence the empirical formula is C,H;N.

Now we see that 1 mole of the compound contains 2 moles of CO, and
1 mole of CO, contains 1 mole of carbon atoms, so 1 mole of the
compound should contain 2 moles of carbon atoms which is shown by
the empirical formula. Hence, the molecular formula is the same as the
empirical formula.

14. A gaseous compound which contains only C, H and S is burnt with oxygen
under such conditions that individual volumes of the reactant and product can
be measured at the same temperature and pressure. It is found that 3 volumes
of the compound react with oxygen to yield 3 volumes of CO,, 3 volumes of
SO, and 6 volumes of water vapour. What volume of oxygen is required for the
combustion? What is the formula of the compound? Is this an empirical formula
or molecular formula?

Solution : Compound + O, — CO, + SO, + H),O

Ex.

3 vol. v vol.(say) 3vol. 3vol. 6 vol
or 3 moles v moles 3 moles 3 moles 6 moles
Applying POAC for O atoms,
moles of O in O,
= moles of O in CO, + moles of O in SO, + moles of O in H,O
2 x moles of O,
=2 x moles of CO, + 2 x moles of SO, + 1 x moles of H,O
20=2x3+2%x3+1x6=18; v=9.
volume of O, required for combustion is 9.
Again, moles of C in CO, =1xmolesof CO,=3
moles of S in SO, =1 xmoles of SO, =3
moles of H in H,0 =2 xmolesof H,O =12
formula is C;S;H;, or CSH,.
Now we see 3 moles of the compound contain 3 moles of C atoms in
C;S;H;,. Hence, 1 mole of the compound should contain 1 mole of C

atoms and therefore, the molecular formula is CSH,.

15. 500 cc of a hydrocarbon gas burnt in excess of oxygen yields 2500 cc of
CO, and 3 litres of H,O vapours, all the vapours being measured at the same

temperature and pressure. What is the formula of the hydrocarbon gas?
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combustion
Solution : Hydrocarbon —— CO, + H,0
0-5 lit. 2.5 lit. 3 lit.
0-5 moles 2.5 moles 3 moles
. 1 mole 5 moles 6 moles
Moles of C in CO, =1 xmoles of CO,
=1x5=>5.
Moles of H in H,0O =2 xmoles of H,O
=2x6=12.

Since 1 mole of the compound contains 5 moles of C and 12 moles of H,
the molecular formula of the hydrocarbon is CsHy, .

Ex. 16. 0-45 g of a dibasic organic acid upon combustion produced 0-44 g of CO,
and 0-09 g of H,O. 0-76 g of its silver salt when ignited gave 0-54 g of pure
silver. What is the formula of the acid? (Ag = 108)

Solution : Moles of C in CO, =1 x moles of CO,
0-44
=1X ﬂ =0-01.
Weight of C=0-01 x12=0-12 g.
Moles of H in H,O =2 x moles of H,O
0-09
=2 XTg = 0-01.
Weight of H=0-01x1=0-01g.
Weight of O = wt. of acid — (wt. of C + wt. of H)
=045-(0-12+0:01) g.
=032g.

0-32
Mole of O = 6 - 0-02.

Mole of C: H: O = 0:01:0-01:0-02
=1:1:2
Empirical formula is CHO,.
Now 0-76 g of Ag salt of the dibasic acid gives 0-54 g of pure silver, i.e.,
dibasic acid — Agsalt — Ag
076 g 0-54¢g

(contains 2 Ag atoms)
We know that the Ag salt of the dibasic acid is formed by the replacement
of 2 H atoms of the acid by 2 Ag atoms.
Applying POAC for the Ag atoms,
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moles of Ag atom in Ag salt = moles of Ag in the product.
2 x moles of Ag salt =moles of Ag in the product
y 0-76 _054
mol. wt. of Ag salt 108
Molecular weight of the salt = 304.
*. molecular weight of the acid
= mol. wt. of salt — 2 x at. wt. of Ag + 2 x at. wt. of H
=304 - 216 + 2 =90.

Hence,

molecular formula weight 90 5

empirical formula weight: 45
*. molecular formula is (CHO,),, i.e., (COOH),.

Ex. 17. 0-465 g of an organic compound upon combustion produced 1-32 g of CO, and
0-315 g of H,O. 0-2325 g of the same compound gave 27-8 mL of dry N, at NTP.
If the compound contained C, H and N, find its formula.

Solution : Moles of C in CO, =1 xmoles of CO, = % =0-03.
. 0-315
Moles of H in H,O = 2 x moles of H,O =2 X T 0-035.
Moles of N in N, =2 x moles of N = 2 X -0~ = 0.0025
oles of N in N, =2 xmoles of N, =2 X570 = .
Now, 0-0025 mole of N is contained in 0-2325 g of the compound.
*. moles of N in 0-465 g of the compound = 0-0025 x 0465 _ 0-005.
0-2325
.. moles of C:H :N=0-030:0-035 : 0-005
=30:35:5
=6:7:1.

. empirical formula is C;H,N.

Ex. 18. 0-220 g of a sample of a volatile compound, containing carbon, hydrogen
and chlorine yielded on combustion in oxygen 0-195g of CO,, 0-0804 g of
H,0O. 0-120 g of the compound occupied a volume of 37-24 mL at 105°C and
768 mmHg pressure. Calculate the molecular formula of the compound.

0-195

Solution : Moles of C in CO, = 1 x moles of CO, =~ - 0-00443.
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Weight of C =0-00443 x 12 =0-05316 g.

0-0804
18

Moles of H in H,O =2 xmoles of H,O=2x

Weight of H=0-00893 x 1 =0-00893 g.

weight of Cl=0-22 - (0-05316 + 0-00893) g = 0-15791 g.

0-15791
Moles of Cl=————=0- .
oles of C 355 0-00445
Moles of C:H:Cl=0-00443 :0-00893 : 0-00445
=443:893:445=1:2:1

i.e., the empirical formula is CH,Cl.

Now, volume of the vapour of 0-12 g of compound at NTP

_ 3724 x768 273

=0-00893.

378 X%:27-18 mL.
0-12
Moles of the compound = ™M (M = mol. wt.)
_ 2718
22400 ... (Rule 3, Chapter 1)

M =99.
molecular formula weight 99

empirical formula weight  49.5

Hence, the empirical formula is (CH,Cl),, i.e., C,H,Cl, .

Ex. 19. A monoacid organic base gave the following data on analysis:

(a) 02790 g of the base gave 0-7920 g of CO, and 0-1890 g of H,O

(b) 0-1163 g of the base gave 14 mL of dry nitrogen at NTP
(c) 0-2980 g of the platinichloride left 0-0975 g of Pt
Calculate the molecular formula of the base.

Solution : Moles of C =1 x moles of CO, = % =0-018.
Moles of H = 2 x moles of H,0 =2 x 0'118890 = 0-021.
Moles of N =2 x moles of N, =2 x 32400 = 0-00125.
0-00125
Mol f N in 0-27 f th = 27
oles of N in 0-2790 g of the base 01163 x 0-2790
=0-003.
moles of C : H: N =0-018: 0-021 : 0-003

=18:21:3
=6:7:1.

(Pt = 195)
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Hence, the empirical formula is C;H,N or C;H;NH,.
Suppose the monoacid base is B.
B + HPiCl, — B,H,PtCl, N
Base Acid Chloroplatinate
(Monoacid) (Platinichloride)

Pt

219

0-2980 g 0-0975 g

Applying POAC for Pt atoms:
1 x moles of B,H,PtCl; = moles of Pt in product

0-2980 _ 00975
mol. wt. of B,H,PtCl, 195

. mol. wt. of B,H,PtCl, = 596.
Molecular weight of B

mol. wt. of B, H,PtCl, — mol. wt. of H,PtCl,

2
596410
===

Since empirical formula weight is also 93,

93.

therefore, the molecular formula of the base is C;H;NH,.

Ex. 20. The analysis of an organic compound gave the following data:
(a) 0-4020 g gave 0-6098 g and 0-2080 g of CO, and H,O respectively.
(b) 101 g by Kjeldahl method produced ammonia which was neutralised by

232 mL of N/2HCI.
(c) 0-1033 g of the compound gave 0-2772 g of BaSO; .

(Pt = 195)

(d) 0-1015 g when wvaporised in Victor Meyer’s apparatus displaced 27-96 mL

of air at 15°C and 766 mm pressure.

Calculate the molecular formula. (Aqueous tension at 15°C = 16 mm)

0-6098

Solution : Moles of C =1 xmoles of CO,=1x - 0-0138.
Moles of H =2 x moles of H,0 =2 x 0'21%80 =0-0231

Calculation of mole of N:
m.e. of HCI =232 x % =11-6.

m.e. of NH;=11-6
mmol of NH;=11-6.

Moles of NH; = % =0-0116.
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moles of N =1 x molesof NH; =0-0116.

-011
Moles of N in 0-4020 g of compound = % % 0-4020

=0-0046.
Moles of S=1 x moles of BaSO,
_02772 G 0119, (BaSO, = 233-3)
233-3
0-00119
Mol f S in 0-402 f d= x 0-402
oles of S in 0-4020 g of compoun 01033 0-4020
=0-0046.
. mole of C: H: N : S =0-0138:0-0231 : 0-0046 : 0-0046

=3:5:1:1.
Hence the empirical formula is C;H;NS.
Calculation of molecular weight:
Pressure due to dry air only =766 - 16 = 750 mm.
Volume of vapour of 0-1015 g of compound at NTP
_ 750 x27-96 x 273

=26155 mL.
288 x 760 6155m

6-1
moles of vapour = 52400 ~ 0-00116.

) weight in grams
Molecular weight = ———————
no. of moles

_ 01015
~0-00116

Since empirical formula weight is also equal to 87, the molecular formula

is C;H,NS.

=86-97 = 87.

Ex. 21. An organic compound (A) contains C and H only. (C =90%). (A) produces
another compound (B) on treatment with HBr. (B) contains 79-2% of Br. If
the molecular weight of (A) is 40, find the formulae of (A) and (B). (Br =80)

90

Solution : Moles of C = o= 7-5.
Moles of H = 11—0 =10.
moles of C:H=7-5:10
=3:4.

empirical formula is C3H,.
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As molecular weight is 40, the molecular formula, will be the same as
the empirical formula, i.e., (A) is
CH,;-C=CH or, CH,=C=CH,
Since with HBr, (A) will produce CH; — C(Br,) - CH; in which
Br % = % x 100 =79-2%
which is the same as the given value, (B) will be

CH, - C(Bry) - CH; .

22. A certain hydrocarbon (A) was found to contain 85-7% of C and 14-3%
of H. This compound consumes 1 molar equivalent of hydrogen to give a
saturated hydrocarbon (B). 1 g of hydrocarbon (A) just decolourised 38-05 g of
a 5% solution (by weight) of Br, in CCly. Compound (A), on oxidation with
concentrated KMnO, , gave compound (C) (molecular formula C,HgO) and
acetic acid. Compound (C) could easily be prepared by the action of acidic aqueous

mercuric sulphate on 2-butyne. Determine the molecular formula of (A) and deduce
the structures of (A), (B) and (C).

Solution : Moles of C:H in(A)=—7:——=7-14:143=1:2.

T12 01
. empirical formula of (A) is CH, and empirical formula weight is 14.
As (A) consumes 1 molar equivalent of hydrogen to give a saturated
hydrocarbon (B), (A) should have one double bond. Reaction of (A) with
Br, will also be an addition reaction in which 1 mole of (A) will combine
with 1 mole of Br,. Thus,

Moles of (A) =moles of Br,

1 _(5x3805/100 { M=mol. wt. of (A) }

or 160

%il

84.

molecular formula of (A) is CiHj, .

Now from the given reaction sequence, we have,
©)
C6H12 m} C4H80 + CH3COOH
@ ©

nTH*Y/HgSO,
CH3 .C=C. CH3
2-butyne
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We conclude that C;H;, (A) must be represented as C,Hg=CH.CHj,
(step I) and C,HgO (C) must be a ketone
C

CH;-C CH, -CH; (step II).

Further, addition of H, to compound (A) will produce C;H,, (B) (an
alkane). The structure of (A), (B) and (C) may be represented as
CH, CH,

| KMnO, |
CH,-CH,-C =CH-CH; ——— CH, -CH,-C = O+ CH,COOH

(A) ©
CH,

H, |
CH, - CH,- CH - CH, - CH,.

(B)

Ex. 23. An organic compound (X) containing C, H and O has a vapour density 37.
0-2750 g of (X) produced 0-6540 g of CO, and 0-3375 g of H,O. The compound

(X) on dehydration gave a hydrocarbon (Y) containing 85-71% of C. (Y), on
treatment with HI followed by hydrolysis, gave (Z) which was isomeric with (X).
Give structural formulae of (X), (Y) and (Z).

Solution : Moles of C in (X) =1 x moles of CO,

0-6540
44
Moles of H in (X) =2 x moles of H,O
0-3375
=2X BT 0-0375.
Wt. of oxygen in (X) =0-2750 — (wt. of C+wt. of H)
=0-2750 — (0-01486 x 12 + 0-0375 x 1)
=0-0592 g.
0-0592
16
mole of C : H: O=0-01486: 0-0375 : 0-0037
=4:10:1.
*. empirical formula of (X) is C,;H;,O (74).
As molecular weight of (X)=2xVD.
=2x37="74,

=1x =0-01486.

mole of O in (X) = =0-0037.
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*. molecular formula of X is C,H;,0O.
Now for the compound (Y):
8571 14-29

Moles of C:HZT:T

=7143:14-29

=1:2.
Empirical formula of (Y) is CH, .
Since (Y) is produced from (X) by dehydration,
(Y) must be C,;H,,0 -H,0, ie., CHs.
Further, as CjHg is an unsaturated hydrocarbon, (X), i.e.,, C;H;,O must
be an alcohol.
2. (X) may be CH; - CH, - CH, - CH, - OH (primary)
or CH; - CH, - CH(OH) - CHj; (secondary)
and (Y) may be CH; - CH, - CH=CH,
or CH, -CH=CH - CH,.

But as given in the question,

HI hydrolysis
CH,;-CH,-CH, - CH,OH —— CH;-CH, - CHI- CH;,
-H,0
X) CH; - CH, - CH(OH) - CH,

“)
[isomeric to CH; - CH, - CH, - CH,OH (X)]
Thus,
(X) is CH; - CH, - CH, - CH,OH
(Y) is CH; - CH, - CH=CH,

(Z) is CH, - CH, - CH - CH,.

|
OH

24. 0-1588 g of an organic compound (A), containing C, H and O, gave
0-3615 g of CO, and 0-1479 g of H,O. (A) reduces Fehling’s solution and on

oxidation gave an acid (B). The silver salt of (B) contained 59-6% of Ag. If the
vapour density of (A) is 29, find the structural formulae of (A) and (B).

Solution : Moles of C in (A) =1 x moles of CO,

0-3615
=" u =0-0082.

Moles of H in (A) =2 x moles of H,O
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0-1479
=2x T 0-0164.

Wt. of O =0-1588 — (wt. of C + wt. of H)
=0-1588 — (0-0082 x 12 + 0-0164 x 1)

=0-044 g.

mole of O in (A) =%: 0-00275.

mole of C: H: O =0-0082:0-0164 :0-00275
=3:6:1.

Empirical formula of (A) is C;H,O (58).

As the molecular wt. of (A) =2x29 =58,

*. molecular formula of (A) is C;HO.

As (A) reduces Fehling’s solution, it may be C,H;CHO, which on
oxidation will produce C,H;COOH (B) and its silver salt, ie.,

C,H;COOAg shall contain % x 100, i.e., 59-6% of Ag which is the same
as given. Thus,
(A) is C,H;CHO

and  (B) is C,H,COOH.

Ex. 25. An organic compound of empirical formula CsH,jO has a vapour density,

43. On treatment with sodium bisulphite, a crystalline addition product was
formed. The compound did not reduce Fehling’s solution. On oxidation, a
mixture of CH;COOH and C,H;COOH was formed. Find the structural

formula of the organic compound.

Solution : As the molecular weight of the organic compound is 2 x43, ie.,

86, its molecular formula will be the same as the empirical formula
(CsH,,0 = 86).
Since it gives a crystalline product and does not reduce Fehling’s solution

it must be a ketone which may be

C,H; CH,
>CO or > CO.
CZHS C3H7

Further, since both the compounds, on oxidation, produce CH,COOH
and C,H;COOH, hence the organic compound may have any of the two

structures given above.
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Ex. 26. An organic compound (X), on analysis, gives 24-24% of C and 4-04% of
H. Further, sodium extract of 1-0 g of (X) gives 2-90 g of silver chloride with
acidified silver nitrate solution. The compound (X) may be represented by two
isomeric structures (Y) and (Z). (Y), on treatment with aqueous potassium
hydroxide solution, gives a dihydroxy compound while (Z), on similar treatment,
gives ethanal. Find out the molecular formula of (X) and give the structures of
(Y) and (Z). (IIT 1989)

Solution : Moles of Cl in (X) = moles of Cl in AgCl

=1 x moles of AgCl = (AgCl=1435)

143 5
2:90
. = 5=0-717 :
Wt of Cl= -2 x355=07174
% of Cl in (X)= 0'71174 x 100 = 71-74%.
2424 4.04 7174
moles of C:H:Cl= o 1 355

=202:404:2.02=1:2:1.
. empirical formula of (X) is CH,CL
One of the isomers of (X), on treatment with aq. KOH solution gives a
dihydroxy compound which indicates that the compound (X) contains 2
Cl atoms. Hence (X) should be C,H,Cl,, two isomers of which are
CH,CICHCI(Y) and CH;-CH-Cl, (Z)
| aq. KOH | aq. KOH
dihydroxy compound = CH;CHO (ethanal)

Ex. 27. An organic compound (A) (mol. wt. = 59) contains C (40-68%), H (8-48%),
N (23-72%) and O (27-12%). (A), on distillation with P,O5 gave (B) which on
hydrolysis gave (C), a monobasic acid of molecular weight 60. (B), on reduction
gave (D), a monoacid organic base of molecular weight 45. (A), on being treated
with Br,/KOH produced (E), another monoacid base of molecular weight 31.
(A) can also give (C) by boiling it with alkali. Assign structural formulae to
(A) to (E).

Solution : For the compound (A):

40-68 848 2372 2712
Moles of C:H:N: OzTTTY

=3-39:848:1-69:1-69
=2:5:1:1.
Empirical formula of (A) is C,H;NO (59)

*. molecular formula of (A) is also C,H;NO.
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(A) may be an amide from the reaction sequence given.
boiled with alkali

;

distilled with ®) hydrolysis

CH3 CONH i Monobasic acid
(mol. wt. = 59) (mol. wt. = 60)
Bry/ KOH red
2/ (D)
E) Monoacid org. base
(mol. wt. = 45)

Monoacid base
(mol. wt. = 31)

Thus, from the reaction sequence and mol. wt. values,
(A) is CH,CONH,
(B) is CH,CN
(C) is CH;COOH (Mol. wt. = 60)
(D) is CH,CH,NH, (Mol. wt. = 45)
and (E) is CH;NH, (mol. wt. = 31).

Ex. 28. An organic compound (X) (vapour density = 37-5) contains C (32%), H
(6:66%), N (18:67%) and O (42-:67%). (X), on reduction, gave a primary amine
(Y) which, on treatment with HNO,, gave C,H;OH. (Y), on warming with
CHCl; and KOH, gave (Z).(Z) having an offensive odour, on reduction,
produced C,H;NHCH, . Assign structures of (X), (Y) and (Z).

Solution : For the compound (X):

32 666 1867 42-67
Moles of C:H:N:0= o TTT

=2:67:6:66:1-33:2:67
=2:5:1:2.
Empirical formula of (X) is C,H;NO, (75).
Mol. wt. of (X) = 2x37-5 =75 = empirical formula wt.
*. the molecular formula of (X) is C,H;NO, .

Now, the reaction sequence may be represented as
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red CHCl; and KOH
) Y) (Z) (offensive odour)
C,H;NO, primary
amine l
L HNO,
C,H;OH C,H;NHCH,

(methyl ethyl amine
From the reaction sequence, we conclude that a primary amine (Y) is
produced by the reduction of (X), (X) must be nitroethane (C,H5;NO,) and
as (Y) on treatment with HNO, gave C,HsOH, (Y) must be ethylamine
(C,H5NH,). Further, C,H;NH, , on treatment with CHCl; and KOH, gave
(Z) (having an offensive odour) which on reduction gave C,H;NHCH;,
(Z) must be ethyl isocyanide (C,H;-NC).

Ex. 29. An organic compound (A) (mol. wt. =74) contained C (48-65%), H (8-11%)
and O (43-24%). (A), on treatment with bromine, gave (B) containing 52-3%
of Br, while on treatment with phosphorus and bromine, gave (C) containing
74-1% of bromine. Both (B) and (C), on boiling with water, gave the same
product (D). (A), on distillation with soda lime, gave ethane. Assign structural
formulae to (A), (B), (C) and (D).

Solution : For the compound (A):

Moles of C:H:O= 4865 811 4324

12 1 16
=4.054:811:270
=15:3:1
=3:6:2.

empirical formula of (A) is C;H,O, (74).

As the mol. wt. = emp. formula wt.,
*. molecular formula of (A) is C;H,O,.
As (A), on distillation with soda lime gave C,H;, (A) must be
CHj; - CH, - COOH (propionic acid)

Br,
Now, CH, - CHBr - COOH

(B)

CH, - CH, - COOH

(A)
P/Br,
CH,; - CHBr - CO- Br

©
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0, 80 0,
For (B): Br % =3 x 100 = 52:3%.

For (C): Br %= % x 100 = 74-1%.
As the Br % in (B) and (C) are same as given

(B) is CH; - CHBr- COOH
and (C) is CH; - CHBr- CO - Br.
Now since both (B) and (C) will give the same product
CH; - CH(OH) - COOH (o-hydroxy propionic acid), (D) must be
CH; - CH(OH) - COOH.

30. An ester has a molecular weight of 102. On aqueous hydrolysis, it produces
a monobasic acid and an alcohol. If 0-185 g of the acid produced completely
neutralises 25 mL of 0-1 N NaOH, find out the structural formulae of the
produced alcohol, acid and the ester.

Solution : Let the equivalent weight of the acid formed be E.

Ex.

m.e. of the acid = m.e. of NaOH

0'}585 %1000 = 01 x 25

or E=74.

As the acid is monobasic, its molecular weight is 74. Thus the reaction
sequence may be represented as

hydrolysis
C,H,COOC,H; ———  GH;COOH 4+ CH;OH
ethyl propionate (mol. wt.=74)  ethyl alcohol
propionicacid

31. An organic compound (A) contains 40% carbon, 6-7% hydrogen and rest,
oxygen. Its vapour density is 15. On reacting with a concentrated solution of
KOH, it gives two compounds, (B) and (C). When (B) is oxidised, the original
compound (A) is obtained. When (C) is treated with concentrated HCI, it gives
a compound (D) which reduces Fehling’s solution as well as ammoniacal
AgNO; solution and also gives effervescence with NaHCOj; solution. Write the

structures of (A), (B), (C) and (D).

40 67 533
Solution : Moles of C: H:Oin (A)zng:Y
=3-33:6:7:333
=1:2:1.

Empirical formula of (A) is CH,O (30).
As molecular weight of (A) is also equal to 30 (i.e., 2 x VD), molecular
formula of (A) is CH,0.
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Now from the following reaction sequence

KOH
A)— B +  ©

(CH,0) | © | na

(A) D)

(CH,0O) reduces Fehling’s solution
and amm. AgNO; and gives
effervescence with NaHCO,

It is clear that,
(A) is HCHO
(B) is CH,OH
(C) is HCOOK
and (D) is HCOOH.

Ex. 32. n-butane is produced by the monobromination of ethane followed by Wurtz
reaction. Calculate the volume of ethane at NTP required to produce 55 g of
n-butane, if the bromination takes place with 90% and the Wurtz reaction with

85% yield. (IIT 1989)
Solution : CHg¢ — CHsBr
Wurtz
2C,H:Br + 2Na —— C,H,, + 2NaBr
reaction

1 mole of C,H, gives 1 mole of C,H;Br and 2 moles of C,H;Br give 1 mole
of C,Hy,.
Let the number of moles of C,H, be n.
*. n moles of C,H will give 0-9 n moles of C,H;Br (90%) and 0-9 n moles
of C,H;Br will give (0-45 1 x 0-85) moles of n-butane (85%).
Thus,  0-457 x 0-85 = % (C,H,, =58)
n =2.789 moles.

*. volume of C,H,, at NTP =2.789 x 22-4

= 55-53 litres.

Ex. 33. An aromatic hydrocarbon (A) (mol. wt. = 78) contains 92-3% of carbon.
(A), on treatment with bromine in the dark, produced (B) which contains
45-85% of carbon, 3-19% of hydrogen and 50-96% of bromine. (B), on heating
with CHsBr and Na in etherical solution, gave (C) containing 91-3% of C and
8-7% of H. (C), on oxidation, produced a monobasic acid (D). The sodium salt
of (D), on distillation with soda lime, gave (A). Determine the structures of (A),
(B), (C) and (D).
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923 7.7
Solution : Moles of C: H = ETIEE
=77:77
=1:1

Ex.

Empirical formula of (A) is CH and empirical formula weight is 13. As
the molecular weight of (A) is 78,
78
n= E 6.
Molecular formula of (A) is C¢H, .
In compound (B):

moles of C:H:Br= 4585 319 5096

12 °1 ° 80
=3.82:319:0-637
=6:5:1.

As (B) must be C;H;Br, it has to be a substitution product and not the
addition product.

Further, (C) is produced by heating C;H;Br with CH;Br and Na (Fittig
reaction), (C) must be C;H;CHj; . This is also supported by the following
data, i.e., for (C) being C,Hyg:

913 87
Moles of C: H_FT

=1:1.143

=7:8.
(C) on oxidation, will give C;H;COOH (D), the sodium salt of which on
distillation with soda lime will give C;Hg (A).

34. An organic compound contains C (30-6%), H (1.7%) and Br (67-7%).
0-706 g of this compound, when dissolved in 10 g of acetone, increased the b.p.
of acetone by 0-5°. If K, for acetone is 1-67, find the molecular formula of the
compound (Br = 80).

Solution : We have,

AT, =K. m ... (Eqn. 8, Ch. 13)
0-706 1000
0-5=1-67x i — X 0

or M = 236. {M is the mol. wt. of the}

organic compound.
Now, in the given compound,
306 1.7 677

moles of C:H: Br—F:T:E
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=255:1.7:0-84
=3:2:1.
". empirical formula is C;H,Br (118).

As the molecular weight is twice the empirical formula weight, molecular
formula of the organic compound is C;H,Br, .

Ex. 35. An organic compound (X) (mol. wt. = 94) containing C, H and O gave on

Solution : Moles of C:H:O=

Ex.

analysis 76-6% C, 6:38% H and 17-02% O. A solution of (X) in aqueous NaOH
with FeCly gave a violet colour while when heated with CCly, it produced an
acid (Y) of molecular weight 138. Find (X) and (Y).

7660 638 17-02

12 ° 1 ° 16
=6-38:6-38:1-05
=6:6:1.

Empirical formula of (X) is C;H,O (94).

As mol. wt. of (X) is also 94,

molecular formula of (X) is C,H,O.

Further, since the solution of (X) in aqueous NaOH gives violet colour
with FeCl;, (X) must contain a phenolic group.

Hence (X) is C;H;OH.

From the next given information, i.e., alkaline solution of (X) with
CCl, , on heating, produces an acid of molecular weight 138, the acid (Y)

must be C6H4<8gOH

36. An organic compound (A) contains 69-42% C, 5-78% H and 11-57% N.
Its vapour density is 60-5. It evolves ammonia when boiled with caustic potash.
On heating with P,Os , it gives a compound (B) containing 81-55% C, 4-85%
H and 13-59% N. On reduction with Na and alcohol, (B) forms a base which
reacts with HNO; giving off nitrogen and yielding an alcohol (C). The alcohol
can be oxidised to benzoic acid. Assign structural formulae to (A), (B) and (C).

Solution : For compound (A):

69-42 5.78 1157 13-23

MOleSOfC.H.N.OZT.T.T.Y
=5.66:578:0-82:0-82
=7:7:1:1.

Empirical formula of (A) is C,H,NO (121).
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*. molecular formula of (A) is also C,H,NO.
mol. wt.=2xV.D.
[ =2x605= 121]
For compound (B):

Cpy.n_ 8155 485 1359
MolesofC.H.N——12 R

=6-8:4-85:0:97

=7:5:1.
". empirical formula of (B) is C,H;N.
Molecular formula of (B) will also be C;H;N as it is derived from
C,H;NO (A) by dehydration with P,O5 .
As (A) evolves ammonia when boiled with caustic potash, it must be an
amide (C¢Hs - CO - NH,). Thus, (B) and (C) can also be named from the
given reaction sequence,

P,0 Red.
CH.CONH, — "y CHCN o, CeHsCHNH,

- Nay/alc.
(A) H,0 (B) a/alc HNO
Benzamide 2
©)
CHsCOOH «— CH;CH,OH+H,0+N,
Benzoic acid ©
The structures may be represented as
|
H
—c—n_ C=N —C—0—
o=c N\H H—C—O0—H
(A (B) (©)

Ex. 37. An aromatic compound (A), on treatment with a saturated solution of sodium
bisulphite, produced a solid crystalline product. (A) gave a compound (B) and
a sodium salt of an aromatic monobasic acid (C) on treatment with alkali. (B)
contained 77-8% C and 7-4% H and rest, oxygen. The sodium salt on distillation
with soda lime gave benzene. If (B) may be oxidised with KMnO, to (C), find
the structural formulae of (A), (B) and (C).

Solution : For the compound (B):

778 74 14-8
Moles OfC.H.OZH.T.?
=6-48:74:0925

=7:8:1.
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empirical formula of (B) is C,HgO.
The reaction sequence given may be represented as

NaHCO;,
A) ——— > solid crystalline product

Ls (B) + sod. salt of aromatic monobasic acid (C)

l (O) l distl. with soda lime
©) CeHy
aromatic

monobasic acid

(A) is an aromatic aldehyde as it forms crystalline product with
NaHSO; .

Sodium salt of (C), on distillation with soda lime gives C;Hy , so (C) must
be C¢HsCOOH. Further, since (C) is produced by the oxidation of (B), it
must be a homologue of C;H, or some compound containing an easily
oxidisable side chain. From the formula of (B), it must be
C¢H; - CH,OH (benzyl alcohol). Again, since C¢H;-CH,OH (B) and
C¢H;COCOH (C) are produced from (A), on treatment with alkali, (A) must
be C(H;CHO (benzaldehyde) (Cannizzaro reaction).

Ex. 38. An organic compound C,Hy, O, was burnt with twice the amount of oxygen
needed for complete combustion to CO, and H,O. The hot gases when cooled
to 0°C and 1 atm pressure measured 2-24 litres. The water collected during
cooling weighed 0-9g. The vapour pressure of pure water at 20°C is
17-5 mmHg and is lowered by 0-104 mm when 50 g of the organic compound
is dissolved in 1000 g of water. Give the molecular formula of the organic
compound.

Solution : (See Ex. 10, Chapter 3)

Ex. 39. An aromatic compound contains 69-4% C and 58% H. A sample of
0-303 g of this compound was analysed for nitrogen by Kjeldahl method. The
ammonia evolved was absorbed in 50 mL of 0-05 M H,SO, . The excess acid

required 25 mL of 0-1 M NaOH for neutralisation. Determine the molecular
formula of the compound if its molecular weight is 121. Draw two possible
structures for this compound.

Solution : Let us first calculate the percentage of N in the compound. As all
the N is converted to NHj;, applying POAC for N atoms:
Moles of N in the compound = moles of N in NH,
=1 x moles of NH,
= eq. of NH,
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= m.e. of NH;/1000
= m.e. of H,5SO,/1000
total m.e. of H,SO, —m.e. of excess H,S5O,

1000
total m.e. of H,SO, — m.e. of NaOH
- 1000
50x01-25%0-1
1000

=0-0025.

wt. of N =0-0025 x 14 = 0-035

and % of N= 0035 ———x 100 =11-55%.
0-303
% of O=100- (694 +5-8 + 11-55)
=13-25%

694 58 1155 13.25

. moles of C:H:N: O_TTTT

=5.8:58:0-825:0-825

=7:7:1:1.
*. empirical formula of the aromatic compound is C;H,NO (121).
As the molecular weight is also 121,
molecular formula is C;H,NO.
Since the compound is aromatic, it may be written as C;H;CH=NOH
(benzaldoxime) with the following isomeric structures:

CeH;—C—H and CyH;—C—H

| I
N—OH HO—N

40. The f.p. constant of benzene is 49 and its m.p. is 5-51°C. A solution of
0-816 g of compound (A) when dissolved in 7-5g of benzene freezes at
1.59°C. The compound (A) has C, 70-58% and H, 5-88%. Determine the
molecular weight and molecular formula of (A). Compound (A) on heating with
soda lime gives another compound (B) which on oxidation and subsequent
acidification gives an acid (C) of equivalent weight 122. (C) on heating with
soda lime gives benzene. Identify (A), (B) and (C) and explain the reactions
involved.

Solution : We have,
ATy=K¢.m ... (Eqn 7, Ch. 13)
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M 75
M=136 [M is mol. wt. of compound (A)]

(5.51_1.59):4.9%[%@

7058 588 2354

Moles of C:H:O=

12 1 " 16
=5-88:5-88:1-471
=4:4:1

*. empirical formula of (A)=C,H,O (68).
As the molecular weight of (A) is 136,
molecular formula of (A) is CgHgO, .
Now, from the given reaction sequence:

CH, CH, COOH

Heated with (0) Heated with
soda lime soda lime
COOH
(A) (B) (9]
(CgHgOy) (eq. wt. = 122)

Ex. 41. The sodium salt of carboxylic acid (A) was produced by passing a gas (B)
into an aqueous solution of caustic alkali at an elevated temperature and pressure.
(A), on heating in the presence of NaOH, followed by treatment with H,SO,

gave a dibasic acid (C). A sample of 0-4 g of (C), on combustion, gave 0-08 g
of H,O and 0-39 g of CO, . The silver salt of the acid weighing 1 g, on ignition,
yielded 0-71 g of Ag as residue. Identify (A), (B) and (C). (IIT 1990)

Solution : Calculation of molecular weight of the acid (C):

As the acid is dibasic, the Ag salt of it will contain 2 atoms of Ag in one
molecule of the acid (see Ag-salt method, Chapter 5).

Acid — Salt containing — Ag

© 2 Ag atoms 071¢g

lg

Applying POAC for Ag atom in the second step,
2 x moles of the salt = moles of Ag in the product

xl—ﬂ- M=mol. wt.
M~ 108 of salt
M=304-

Hence, mol. wt. of the acid = (304 — 2 x 108 + 2)
=90.
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Calculation of empirical formula weight and molecular formula of the
acid (C):

Moles of C = 039 =0-0088.
44
Wt. of C=0-0088 x 12 =0-1064 g.
Moles of H= % =0-0088.

Wt. of H=0-0088 x 1 =0-0088 g.
wt. of O =[0-4 — (01064 + 0-0088)] = 0-2848.
0-2848
16
. moles of C : H: O =0-0088 : 0-0088:0-0178 =1:1:2.
". empirical formula is CHO, (45).
As the mol. wt. is 90, molecular formula is (COOH ),.

Moles of O =

=0-0178.

As the acid (C) is now known, the reaction sequence may be represented

as
NaOH + CO (gas) —» HCOONa — (COOH),
(B) 2 ©)
HCOOH
(A)
PROBLEMS

(Answers bracketed with questions)

1. A sulphide of Fe contains 46-5% of Fe by weight. Find the empirical formula of
the sulphide. (FeS,)

2. 1:60 g of an oxide of iron, on heating in a stream of hydrogen gas, completely
converted to 1-12 g of iron. Find the empirical formula of the oxide. (FeZOB)

3. Carbon combines with hydrogen to form three compounds, A, B and C. The
percentages of hydrogen in A, B and C are 25%, 14-3% and 7-7% respectively. Find
the empirical formula of the compound. (CH,, CH,, CH)

4. A compound of carbon, hydrogen and nitrogen contains three elements in the
respective weight ratio of 9 : 1 : 3. Calculate its empirical formula. If its molecular
weight is 108, what is its molecular formula? (CH,N, CHN,)

5. A hydrated salt of iron sulphate weighing 2 g, contains 0-9065 g of water of
crystallisation. Find the formula of the hydrated salt. (FeSO, - 7H,0)

6. An iron compound yielded C = 64-4%, H = 5-5% and Fe = 29-9%. What is the simple
formula of the compound? (C,Hy Fe)
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7. 1.763 g of hydrated BaCl, was heated to dryness. The anhydrous salt remained
was 1.505 g. What is the formula of the hydrate? (BaCl, - 2H,0)

8. A boron-hydrogen compound weighing 0-0553 g created a pressure of 0-658 atm
in a bulb of 40-7 mL volume at 100°C. Analysis showed it to be 85-7% boron. What
is its molecular formula? (BsHy)

9. A mixture of one volume of gas and two volumes of oxygen, on explosion form two
volumes of CO, and one volume of N, under the identical conditions of temperature
and pressure. Find the formula of the gas. (C,N,)

10. 9 volumes of a gaseous mixture consisting of a gaseous organic compound A and
just sufficient amount of oxygen required for complete combustion yielded on
burning 4 volumes of CO,, 6 volumes of water vapour and 2 volumes of N,, all
volumes measured at the same temperature and pressure. If the compound has
only C, H and N,

(i) how many volumes of oxygen are required for complete combustion?

(ii) what is the molecular formula of the compound A? (7 vol, CHN,)
[Hint: See Example 13]

11. A sample of gaseous hydrocarbon occupying 112 litres at NTP when completely
burnt in air produced 2-2 g of CO, and 1-8 g of H,0O. Calculate the weight of the
compound and the volume of the oxygen at NTP required for its burning. Find
the molecular formula of the compound. (0-8 g, 2-24 litres, CH,)

12. 0-21 g of an organic compound containing C, H, O and N gave upon combustion
0462 g of CO, and 0-1215 g of H,0O. The ammonia produced on distillation of
0-104 g of this compound with NaOH, required 15 mL of N/20 H,SO, for
neutralisation. Find the empirical formula of the compound. (C,H,NO,)

13. An organic compound on qualitative analysis was found to contain C, H, N and
O. 1.0g of it on oxidation with CuO and oxygen gave 1239 g of CO, and
0-1269 g of H,O. 2 g of the sample was digested with concentrated sulphuric acid
and the residue was distilled after the addition of excess solution of sodium
hydroxide. The ammonia evolved was absorbed in 50 mL of 1.0 N sulphuric acid.
The resulting solution was diluted to 500 mL in a measuring flask. 25 mL of this
solution required 21-8 mL of 0-05 N NaOH for complete neutralisation. Calculate
the empirical formula of the compound. (C,HNO,)

14. 02614 g of an organic compound gave upon combustion 02324 g of CO, and
0:0950 g of H,O. 0-1195 g of this compound gave 0-3470 g of AgCl. If the vapour
density of the substance is 49-5, calculate its molecular formula. (C,H,CL)

15. A dibasic anhydrous acid produced upon combustion 0-195 g of CO, and 0-04 g of
H,O. 0-5 g of the salt of this acid when ignited, converted to 0-335 g of pure silver. Find
the molecular formula of the dibasic acid. [(COOH),]

16. A monoacid organic base gave the following results on analysis:
(i) 0-10 g of the base gave 0-2882 g of CO, and 0-0756 g of H,O.
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(ii) 0-20 g of the base produced 21-8 mL of N, at 15°C and 760 mm pressure.

(iii) 0-40 g of the platinichloride left 0-125 g of Pt.
Calculate the molecular formula of the base. (C,HN)

An organic compound containing C, H, O and S gave the following data on

analysis:

(a) The combustion of 0-1668 g of the compound resulted in the formation of
0-4540 g and 0-0663 g of CO, and H,O respectively.

(b) 0-1254 g of the compound on heating with HNO, and BaCl, yielded 0-1292 g
of BaSO, .

Calculate the empirical formula of the organic compound. (C,H,;SO)

An organic compound containing 92:3% of C, 7-7% of H had the molecular weight
26. When treated with bromine, it gave a product containing 92-5% of bromine
but when treated with HBr, it gave a product containing 85-1% of bromine. What
is the structural formula of the organic compound? (CH=CH)

An organic aromatic compound (X) containing 52-2% of C, 3-7% of H and 44-1%
of chlorine on oxidation with alkaline KMnO, gave a monobasic acid (Y), the
sodium salt of which on distillation with soda lime gave benzene. What is the
structural formula of (X) and (Y)? (CHCH-Cl,, CH.COOH )

One mole of hydrocarbon (A) reacts with one mole of bromine giving a
dibromocompound, C;H,Br, . Substance (A) on treatment with cold, dilute alkaline
KMnO, solution forms a compound C;H,,0, . On ozonolysis, (A) gives equimolar
quantities of propanone and ethanal. Deduce the structural formula of (A).

[CH3>C =y

An alkene (A), on ozonolysis yields acetone and an aldehyde. The aldehyde is
easily oxidised to an acid (B). When (B) is treated with bromine in presence of
phosphorus, it yields compound (C) which on hydrolysis gives a hydroxy acid
(D). The acid can also be obtained from acetone by the reaction with hydrogen
cyanide followed by hydrolysis. Identify the compounds (A), (B), (C) and (D).

CH, CH, H
Nl N
_C=CH.CH (CHy), P g

CH3 CH, COOH

HC, Br CHj OH
N Neo
RN SN

CHj COOH CHj COOH

An aromatic hydrocarbon (A), containing 91-3% of C and 87% of H, on treatment
with chlorine gave 3 isomeric monochlorocompounds (B), (C) and (D), each having
28% of chlorine. On oxidation with permanganate, all the three gave a monobasic
acid. The acid from (B) on distillation with soda lime gave benzene while those
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from (C) and (D) gave monochlorobenzene on the same treatment. Assign formulae
to (A), (B), (C) and (D). (A) CH, - CH, (B) C,H.CH,Cl
(C) C,H,(CH,)Cl (ortho) (D) (para)

0-15 g of an organic compound (A) gave 0-33 g of CO, and 0-18 g of H,O. The
molecular weight of (A) is 60. The compound (A) on dehydration gave a
hydrocarbon (B) containing 85-7% of C. (B), on successive treatment with hydriodic
acid and silver hydroxide gave a product (C), isomeric with (A). Find structural
formulae of (A), (B) and (C). (A) CH,CH,CH,OH

(B) CH,CH=CH,
(C) CH,CH(OH)CH,

Compound (A) with molecular weight 108, contained 88-89% C and 11.11% H. It
gave a white precipitate with ammoniacal silver nitrate. Complete hydrogenation
atom of (A) gave another compound (B) with molecular weight 112. Oxidation of
(A) gave an acid with equivalent weight 128. Decarboxylation of this acid gave

cyclohexane. Give structures of (A) and (B). CH.C—=CH . C.H.. CH.—CH
(Rt 7 =6t 2 3
{ A) (®) }

A compound (X) containing only C, H and O is unreactive towards sodium. It
does not add bromine. It does not react with Schiff reagent. On refluxing with an
excess of hydriodic acid, (X) yields only one organic product (Y). On hydrolysis,
(Y) yields a new compound (Z) which can be converted to (Y) by reaction with
red phosphorous and iodine. The compound (Z), on oxidation with KMnO, gives
a carboxylic acid. The equivalent weight of this acid is 60. What are the compounds
(X), (Y) and (Z). Write chemical equation leading to the conversion of (X) to (Y).

C,H,0C,H, , C,H,I , C,H,OH
C,H.OC,H, + 2HI — 2C,H.]I + H,0

448 mL of a hydrocarbon (A) having C (87-80%), H (12:19%) weigh 1-64 g at NTP.
On hydrogenation it gives 2 methyl pentane. Treatment of (A) with acidic HgSO,
gives a new compound (B) of molecular weight C.H,,0. Compound (A) does not
react with ammoniacal AgNO,. What is the structure of (A)?

[CH3—CH —CEC—CHa}

|
CH,

0-369 g of a bromo derivative of a hydrocarbon (A) when vaporised occupied
672 mL at NTP. (A), on reaction with aqueous NaOH, gives (B). (B), when passed

over alumina at 250°C, gives a neutral compound (C) while at 300°C, it gives a
hydrocarbon (D). (D), when heated with HBr gives an isomer of (A). When (D) is
treated with concentrated H,SO, and the product is diluted with water and

distilled, (E) is obtained. Identify (A) to (E).
(A) CH, - CH,CH,Br (B) CH, - CH,CH,OH
(©)CH,-O0-CH, (D)CH,—CH=CH,

CH—OH
CH,



240

28.

29.

30.

31

32.

33.

Modern Approach to Chemical Calculations

When 0-90 g of an organic compound C,H; O, (A) was treated with Na, 224 mL
of H, were evolved at NTP, compound (A) could be separated into two fractions
(B) and (C) by crystallisation, of which fraction (B) could be resolved into optical
isomers, (D) and (E). Write down the structural formulae for (C), (D) and (E) with

proper reasoning.

CH, CH, CH,
H—C|—OH H—C|—OH OH—é—H
H—C|—OH OH—|C—H H—C|—OH
i, i, i,
© D) ®) ]

An organic compound (A) has 76:6% C and 6:38% H. Its vapour density is 47. It
gives characteristic colour with aqueous FeCl, solution. (A), when heated with CO,
and NaOH at 140°C under pressure, gives (B) which, on being acidified gives (C).
(C) reacts with acetyl chloride to give (D) which is a well-known painkiller. Identify
(A), (B), (C) and (D).
OH COONa COOCH
OH OH

COOH
O CO CH3

(A) (B) (@) (D)

An unknown compound of C, H and O contains 69-77% C and 11-63% H and has
a molecular weight of 86. It does not reduce Fehling’s solution but forms a
bisulphite addition compound and gives a positive iodoform test. What are the
possible structures? [CH3 R

— o5

>CO, CO—|
|_C3H7/ CH; - 1
[Hint: See Example 25]

An organic compound (mol. wt. = 44) (X) contains 54-54% of C and 9-09% of H.
With PCl;, (X) gives a compound of molecular weight 99. On oxidation it gives
an acid of molecular weight 60. What is (X)? (CH,CHO)

A ketone (A) which undergoes haloform reaction gives compound (B) on reduction.
(B) on heating with H,SO, gives compound (C), which forms monozonide (D).
(D) on hydrolysis in the presence of Zn dust gives only acetaldehyde. Identify

(A), (B) and (C).
(A) CHCOCH,CH, (B) CH3C|HCHZCH3

(C) CH,CH = CH,CH, OH
An organic compound (A) having molecular weight, 58, contained 62:06% of C
and 10-35% of H and rest, oxygen. (A), on reduction gave (B) which gave iodoform
test. (B), on dehydration, gave an unsaturated hydrocarbon (C) having molecular
weight 42. Find (A), (B) and (C).

(CH, - CO - CH,; CH,CH(OH)CH,; CH, - CH=CH,)
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An aromatic compound (X) contains C (79-25%) and H (5-66%). (X) on treatment
with alkali, gave a neutral product (Y) containing C (77-78%) and H (7-41%) and
the sodium salt of an aromatic organic acid (Z) which on distillation with soda
lime gave benzene. Assign structural formulae to (X), (Y) and (Z).

(CH,CHO, C,H,CH,0H, C;H,COOH)

An aromatic compound (X) contained 585% of C, 4-1% of H and 11-4% of N. (X)

may be obtained by the action of HNO, on a compound (Y). (X), on reduction,

gives a monoacid organic base (Z). Give structural formulae of (X), (Y) and (Z).
(CH5NO,, CH,, CH:NH,)

An aliphatic amine (X) contains C (61:01%), H (15:25%) and N (23-74%). (X), on
treatment with HNO,, gave an alcohol (Y) having C(60%) and H (13-33%). (Y), on
careful oxidation gave (Z) of vapour density 29. (Z) gave iodoform test. Assign
structural formulae to (X), (Y) and (Z).

CH, CH, H, —
{CH _—CH- NH, ; CH, P =CH- OH; CH, ’ =cCo

37. An organic compound (A) contains C=32%, H=6-66% and N=18-67%. On reduction,

38.

39.

40.

it gives a primary amine (B) which gives ethyl alcohol with nitrous acid. (B) gives
an offensive odour on warming with CHCl, and KOH and gives compound (C)
which on reduction forms ethyl methyl amine. Assign the structures of (A), (B)

and (C).
(A) C,H.NO,

(B) CZHSNHZ
(C) GH;NC
[Hint: See Example 28]
Compound (A) gives positive Lucas test in 5 minutes. When 6 g of (A) is treated
with Na metal, 1120 mL of H, is evolved at STP. Assuming (A) to contain one

atom of oxygen per molecule, write the structural formula of (A).
[CH, - CH(OH) - CH,]

An organic compound (A) of molecular weight 140-5 has 68-32% C, 6-4% H and
2526% Cl. Hydrolysis of (A) with dilute acid gives compound (B), CgH,,O.
Compound (B) can be oxidised under mild condition to compound (C), C;H,O.
Compound (C) forms a phenyl hydrazone (D) with PhANHNH, and gives a positive
iodoform test. Give the structures of compounds (A) to (D).

B) CH,
(A) C.H. CH-CICH ( s —
615 3 CH, /CH OH

(C) CH; —_ (D) CH,—C=N-NH - CH;

/> CO |
CH, CH,

10 g of a mixture of hexane and ethanol are reacted with Na to give 200 mL of
hydrogen at 27°C and 760 mmHg pressure. What is the percentage of ethanol in
the mixture. (7-475%)

[Hint: 2C, H, OH +2Na — 2C,H.ONa + H,]
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A mixture of 0-535 g of ethanol and acetaldehyde when heated with Fehling’s
solution gave 1-2 g of a red precipitate. What is the percentage of acetaldehyde in
the mixture? (Cu = 63-5) (34-50%)
[Hint: Acetaldehyde reduces Fehling’s solution to red cuprous

oxide (Cu,0) and CH,CHO +[O] — CH,COOH ]

An organic compound, (A) containing C, H, N and O, on analysis gives 49-32%
carbon, 9-59% hydrogen and 19-18% nitrogen. (A) on boiling with NaOH gives off
NH, and a salt which on acidification gives a monobasic nitrogen-free acid (B). The
silver salt of (B) contains 59-67% silver. Deduce the structures of (A) and (B).

(IIT 1988) [(A) C,H,CONH, (B)C,H,COOH]

A certain compound was known to have a formula which would be represented
as [PAC,H,N.] (CIO,), . Analysis showed that the compound contained 30-15% C
and 506%H. When converted to the corresponding thiocyanate,
[PAC,H/N.] (SCN),, the analysis was 40-412% C and 5-94% H. Find x, y and z.
(14, 28, 4)
Gaseous hydrocarbon gives upon combustion 0.72 g of water and 3.08 g of
CO,. The empirical formula of the hydrocarbon is
(a) C,H, (b) C;Hy (c) CgHs (d) CH,
(d
(IIT 2013 Main)
The ratio of mass per cent of C and H of an organic compound (C,H,0,) is 6 : 1.
If one molecule of the above compound contains half as much oxygen as required
to burn one molecule of the compound CxHy completely to CO, and H,O. The
empirical formula of the compound C.H,0, is
(@) GH,0, (b) C;HO; (9 CHO (d) CGH,O,
(@)
[IIT 2018 Main]
6/12
11

As 2z mole of O (or z mole O,) is used to combust one mole of C,H,

[Hint: Mole ratio of C & H in 1 mole of C,H,0, = =1:2=x:y

1 mole zmole

CH, + 0, > CO,+ H,0O; applying POAC for C, H and O, we get,

Z=x+ % ,ifx=landy=2 .. z=15,ie,C,H,O,should be the empirical formula.]

Q



CHAPTER ELEVEN
ATOMIC STRUCTURE AND RADIOACTIVITY

ATOMIC STRUCTURE

An atom consists of an extremely small and dense nucleus and an extranuclear
space. The nucleus contains positively charged protons and neutral neutrons,
and these particles are collectively called nucleons. In the extranuclear space,
negatively charged electrons revolve around the nucleus. As the magnitude
of the charge of an electron is the same as that of a proton, the number of
electrons is equal to that of protons in an atom, the atom being neutral.

The number of protons present in the nucleus of an atom is termed as the
atomic number of the element (Z). The sum of the number of protons and
neutrons is called the mass number (A). The term nuclide’ refers to a nucleus
having a specific atomic number and specific mass number.

Since each proton and each neutron has a mass approximately equal to
1 (amu) on the atomic weight scale, the atomic weight of an element is
approximately equal to the mass number. The electron has a negligible mass
compared to the proton and neutron. The mass of an electron on the atomic

weight scale is approximately equal to 1/1837 amu (1 amu = 1-66 x 10~ ** g or
1-66 x 10~ % kg).

To calculate the radius (r) and energy (E) of a permissible orbit for one-electron species
like H, He*, Li2+, etc., Bohr derived equations based on the following postulates.
Bohr’s Postulates

1. The electrons revolve around the nucleus in certain orbits without losing
energy because the energy in a fraction of a quantum can neither be lost
nor gained.

2. Energy is absorbed or emitted only when an electron in an atom jumps
from one orbit to another.

3. The electron is restricted to those orbits in which its angular momentum
is an integral multiple of h/2m.

h . .
Angular momentum = mvr=mn X 2_ where n is an 1nteger.
T

The following equations were derived:
212
n"h

f=—
4> mze®

243



244 Modern Approach to Chemical Calculations

2 ZZZ 4
E:_¥ Q)
nh
21 Ze?
v=—0r ... 3)

In the cgs unit system, m is the mass in grams, e is the charge of an
electron in esu, v is the electronic velocity in cm/s, r is the radius of the orbit
in cm, i is the Planck constant in erg-s, E is the energy in ergs, Z is the
atomic number and 7 is an integer like 1, 2, 3, etc., representing the first,
second and third orbits respectively. Thus the radius of the first orbit (n = 1)
of a hydrogen atom (or any one electron specie) is given by

h2
" mze

The radius of the nth orbit of a hydrogen atom (or any one-electron

specie) is given by

=11 .. 4

Again, the energy of the first orbit of a hydrogen atom (or any
one-electron specie) is given by

2w Z%'m
R
Thus the energy of the nth orbit is given by
E
E,=— G
n

The negative sign of the energy indicates that the energy of an electron
increases with the increase in #, that is to say the outer orbit has a greater
energy than the inner one.

Now the velocity of an electron in the first orbit of a hydrogen atom (or
any one-electron specie) may be given by
o - 2nze*
™ h
Thus the electronic velocity in the nth orbit will be given by

‘()n=;~ ... (6)

When an electron drops from a higher orbit, say n,, to a lower orbit, say
n,, radiations are emitted, the energy of which can be calculated using Planck’s
equation, AE =hv, where v is the frequency of the radiation emitted.
AE=E,-E,
o 2%t m 2% 72 ¢t m
15 R

AE=-
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11

o Z%e'm
o

or, hv 2

)

But ¢ =v A, where c is the velocity of light and 2,

have,
1 22 7%¢m (1 1
wavenumber =~=——>— | 5 -~
A ch ny n;
.
A n "
2 2 4
where R= i 63 n
ch

R is called Rydberg constant.
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the wavelength. So we

- ?)

If the data in the problems are given in SI units, that is, m in kg, e in
coulombs, v in metres/second, r in metres, /i in joule - s and E in joules, the

following formulae are to be used.

g n°
r=———
nmZe
_ Z%*m
8t
oo zZe
" 2nhe,
4 2
Wavenumber = 1 = EZLZ lz - lz
A8l | m
1 1 ’
= RZZ{—Z - _2}
ny mn
4
where = 62 m3
8ey ch

gy (permittivity of free space)
=8-854 x 10" coulomb?/newton

.. (8)

.. (9)

... (10)

.. (11)

- metre?
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Hydrogen Spectral Lines

Lines ny n, Spectral Region
Lyman 1 2,3, 4, Ultraviolet (Uv)
Balmer 2 3,4, 5, Visible
Paschen 3 4,5, 6, Infrared (IR)
Brackett 4 5,6 Infrared (IR)
Pfund 5 6, 7, 8, Infrared (IR)

The Bohr theory can be extended to one-electron species other than the

hydrogen atom, for example, He*, Li’* and Be’*. In these cases the energies
are related to the quantum number, 7, through the expression

Zn
725 B= (cgs)
R o '
B= SI
8¢ (2) W S

where Z is the atomic number of the species and B=218x10 " erg [to
calculate E in erg (cgs)] and B=2-18 x 10" J [to calculate E in J (SI)].

Nuclear Coulombic Barrier
The repulsive force between the nucleus and the approaching positively
charged o-particle is called nuclear coulombic barrier. The potential energy
of repulsion is given by
(Zie) (Zpe)  ZiZy¢

= 7 == .. (12)
where Z, and Z, are the atomic numbers of the nucleus and the a-particle
respectively and d is the distance between them. Using the above equation,
one can calculate V in ergs, substituting e in esu and 4 in cm (cgs units).

In SI system, use

1% L7, 13
T 4me,d - (13)

where V is in ], ¢ in coulombs, d in m and ¢, = 8854 x 1072 C/N - m?

Failure of Bohr Theory

1. It does not explain the spectra of species having more than one electron.

2. It does not explain the fine spectral lines obtained under a spectroscope
of strong resolution. However, it can be explained by Bohr-Sommerfeld
theory of elliptical orbits.
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3. It does not explain Zeeman effect, that is, splitting of spectral lines under
magnetic field, and Stark effect, that is, splitting of spectral lines under
electric field.

Bohr-Sommerfeld Theory

Bohr’s assumption of circular orbits was modified by Sommerfeld, who
assumed elliptical orbits. The angular momentum of an electron in elliptical
orbit is also quantized and can have a limited number of values given by the

h
factor k- g where k is an integer, called the azimuthal quantum number.

The principal quantum number, #, and the azimuthal quantum number, k,
given by Bohr and Sommerfeld respectively are related by
n_ length of major axis
k ~ length of minor axis
For a given value of 1, (except 1), k can have more than a single value.
For example, for n=4, k can have values 1, 2, 3 and 4. For n=1, k will have

only one value, 1, and the orbit will be circular.

As now the energy for electronic transition would depend on both 1 and
k, the occurrence of fine spectral lines observed in the hydrogen spectrum
could be explained.

It should be noted that the azimuthal quantum number, k, proposed by
Sommerfeld is not the same as the azimuthal quantum number, [, suggested
by quantum mechanics. For instance, say for quantum number, 7,

k=1,2,3,...,n
whereas according to quantum mechanics
1=0,1,2,3,...,(n—-1).
spdf

Thus although the Sommerfeld theory gives the correct total values of
azimuthal quantum number of n but the actual values are incorrect. k and [
are related as [=k-1.

Theoretical Prediction of Wave Nature of Electron;

de Broglie Equation

The French physicist de Broglie suggested that as light has the dual properties
of wave and particle, the particles of matter such as electrons, protons etc.,
also have properties of waves. The wavelength of such a particle could then

be derived. We know,
2

E=mc
and E=hy
from which, we have
p=L

mc
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Here, c is the velocity of light. For the electron of mass m and
velocity v,

hooh
xz%zg, .. (14)

where p is the momentum.

Quantization of Angular Momentum

Considering the wave characteristics of an electron moving in a circular orbit
continuously in phase, the circumference of the circle must be an integral
multiple of the wavelength.

2nr=ni=n L
mo
h
or mor=mn- g (angular momentum).

Thus the wave mechanical picture of the de Broglie equation confirms
Bohr’s postulate of quantized angular momentum.

Verification of de Broglie Equation
Let an electron of charge e be accelerated by a potential V.

or 0= =

h h
\2mVe ~\N2mE
h
N ... (15
\N2-Vem (15)
1226 x 107" metre o 1226
W v
Using the above equation, we can see that if the potential is varied
between 10 to 10000 volts, A varies between 0.387 nm and 0.123 nm. X-rays
have the A-value of this order which suggests electrons also behave like

X-rays and have wave character. Later Davisson and Germer verified it
experimentally.

or A=
or A=

A=

Quantum Mechanical Picture of Atom

From the work of de Broglie, Davisson and Germer we understand effectively
that the electron in an atom can be treated as a wave. Large objects as golf
balls and moving automobiles obey laws of classical mechanics (Newton's
laws) but very small particles such as electrons, atoms and molecules do not.
A different kind of mechanism, called wave mechanics or quantum mechanics,
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which is based on the wave properties of matter, describes the behaviour of
very small particles much better.

One of the underlying principles of quantum mechanics is the Heisenberg
Uncertainty Principle, applicable to subatomic particles only and not to large
objects.

Heisenberg stated that it is impossible to determine precisely both the
position and the momentum (or mass X velocity) of a subatomic particle
simultaneously. In other words, the position and the momentum of such
particles can be determined only within certain limits of accuracy.

If Ax and Ap are the uncertainties in the position and momentum
respectively, and AE and At are the uncertainties in energy and time
respectively,

h
Ax-Ap=—
S

h
Ax'AUZM . ... (16)

AE - At2> s
4r
The Heisenberg uncertainty principle gives the concept of orbital, which
is against the concept of Bohr’s definite orbit.

The mathematical approach to quantum mechanics involves treating the
electron in an atom as a standing wave or stationary wave. A standing wave
is a wave that does not travel and therefore has at least one point at which
it has zero amplitude. This point is called a node. Standing waves have limited
frequencies and do not exhibit interference. A one-dimensional example of
such a wave motion is a vibrating string fixed at both ends (nodes). In
quantum mechanics, the electron is characterized by a 3-dimensional wave
function, y. Schrodinger proposed the following equation based on the
elements of Newton’s classical mechanics and de Broglie’s idea of
particle-wave duality for one-electron species.

,  8m’m
V1|!+7(E—V)1|!=0, ... (17)
where V? (del squared) is called the Laplacian operator.
R S o
o i oy’ i 0z’
E is the total energy and V is the potential energy of the particle.

The Schrodinger equation is a second-order differential equation and
therefore has a large number of solutions. For any physical situation, y must
be finite, single-valued and continuous. In classical mechanics, y represents
simply amplitude of a wave but in quantum mechanics, the physical
significance of y is nebulous as y contains all the information we can hope
to learn about the hydrogen atom, such as energies, momenta, spatial

VZ
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distribution, etc., by performing specific mathematical operations on .
However, y* in quantum mechanics can be interpreted as the probability of
finding an electron at any point. An atomic orbital is a region in space in
which the probability of finding an electron is high.

In classical mechanics, we have separate equations for particle motion
and wave motion but in quantum mechanics we have only one equation, the

h
Schrodinger equation in which the de Broglie relation, A = o acts as a link

between particle and wave properties.

One way of remembering the general behaviour of the wave function is
to systematize their nodal properties. In a hydrogen-like wave function,
number of radial nodes =n-1-1

number of angular nodes (nodal planes) = 1.

total number of nodes =n - 1.

The solution of the Schrodinger equation gives a set of numbers, called
quantum numbers, that describe electronic configuration, energies of an electron
in the atom and also give information about the shapes and orientations of
the statistical probability distributions of electrons.

Principal Quantum Number (1) describes the main energy level, or shell, an
electron occupies. It may be any positive integer.
n=1,2734,...
KLMN

Azimuthal Quantum Number (I), or angular momentum quantum number,
designates a sublevel or specific shape of atomic orbital that an electron
occupies. Within a shell, that is, for a given value of 1, different sublevels or
subshells are possible, each with a characteristic shape. The number / can take
integral values from 0 to (n—1).

*1=0,1,2,3,...,(n—-1)

spdf

The orbital angular momentum (L) is given by

L=\/l(l+1)-%=\/l(l+1)h,l=0,1,2,..., ... (18)

where 7 is called Dirac h and 7 = %

Magnetic Quantum Number (1) designates the specific orbital within a subshell.
Orbitals within a given subshell differ in their orientations in space, but not
in their energies. Within each subshell m can take any integral values from
-1 through 0 to +.

m=(-1),...0,...,(+)

* The letters s, p, d and f come from the words sharp, principal, diffuse and

fundamental, which were used to describe certain features of spectra before
quantum mechanics was developed.



Atomic Structure and Radioactivity 251

The maximum value of m depends on the value of .
For I =1 (p-subshell), m=-1, 0, +1
Px Py P2
For [=2 (d-subshell), m= -2, -1, 0, +1, +2
dX27y2 dZZ dxy dXZ dl/Z
@) (d) ;) (dy) (ds)
Thus in the presence of a magnetic field, the energy levels have been
split into (2/ + 1) levels (Zeeman effect).

When an atom has angular momentum, L, the atom acts like a small
magnet. We say that it has a magnetic dipole moment, u. The natural unit of
magnetic dipole moment is expressed by Bohr magneton (up) for electronic
states.

eh efi

BM)=——= ’ ... (19
”’B( ) Amtm zm ( )

where m is the mass of an electron.
Ug=9.27 x 107 JT (ST
=927 x 1072 JG™ (v 1T=10*G)
=9.27x10" erg G,
The SI unit of a magnetic field is the tesla, T, which is defined as
T=NA"m" =kgs?A™!
where A is the ampere
JT' = Am>%
The Gauss, G, is the unit for the magnetic field in the cgs Gaussian system
of units.

Spin Quantum Number (s) refers to the spin of an electron and the
orientation of the magnetic field produced by this spin. For every set of #, !

and m values, s can take the value +% or — %
s—+l
)

The values of 1, and m describe a particular atomic orbital. Each atomic
orbital can accommodate no more than two electrons, one with s=+1/2 and
another with s=-1/2-

Spin angular momentum is given by

S:\/s(s+1)-2h—n=\/s(s+1) 7. ... (20)

Since s=
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Permissible Values of the Quantum Numbers Through n=4
n 1 m s Electron Electron
capacity of capacity of
subshell shell =21
=4+2
1. 1 1.1 2 2
0(1s) 0 +1-1
2. 0(2 0 1_1 2 8
(2s) +3-3 }
1(2p) -1,0,+1 i% for each value of m 6
3. 03 0 1.1 2
(3s) +5-3
1@3p) -1,0,+1 i% for each value of m 6 18
23@d)  -2,-1,0,+1,+2 J_r% for each value of m 10
4. 04 0 1.1 2
(4s) +5-3
Ldp) -1,0,+1 i% for each value of m 6 32
2 (4d) -2,-1,0,+1,+2 i% for each value of m 10
3@ -3,-2,-1,0,+1,+2,+3 + % for each value of m 14

The spin magnetic moment (u) of the electron, excluding the orbital
magnetic moment, is given by
w="\n(n+2) BM, .. (21)

where 1 is the number of unpaired electrons.

Quantum Numbers and Electronic Configuration
The following rules help us to predict electronic configuration of atoms with
the help of quantum numbers
1. Electrons are added into orbitals in the way that gives the lowest total
energy for the atom (Aufbau Principle).

2. Electrons are assigned to orbitals in order of increasing value of (1 + ).
See diagram below.

3. For subshells with the same value of (1 +1), electrons are assigned first
to the subshell with lower n.

4. No two electrons in an atom may have identical sets of four quantum
numbers (Pauli Exclusion Principle).

5. Electrons occupy all the orbitals of a given subshell singly before pairing
begins. These unpaired electrons have parallel spins. (Hund Rule). Hund
rule states that for degenerate orbitals, the lowest energy is attained when the
number of electrons with the same spin is maximized.
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Order of Filling of Atomic Orbitals

l-value —»

? 1 n+1=2

n-value n+l=

RADIOACTIVITY

The property of a nucleus emitting o,  and y rays is known as radioactivity
and the substance possessing this property is called a radioactive substance.
The emission of these particles takes place because of the instability of the
nucleus. o-particles are just the helium nucleus represented by 3He (i.e., mass
number = 4 and atomic number = 2) and hence 2+ charge. The B-particles
are represented as electrons, e (mass = 0 and charge = 1) and carry a
negative charge.

Nuclear Size

The radius, ‘r’ of various nuclei can be approximately calculated in cm by
using the relation

r=r,A", .. (22)
where 1, is a constant which is equal to 1.4 x 107" cm and A, the mass number
of a given nucleus.
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Neutron-Proton Ratio and Nuclear Stability

Most naturally occurring nuclides have even numbers of neutrons and even
numbers of protons. Nuclides with odd numbers of both neutrons and protons
are least common and those with odd-even combinations are intermediate in
abundance.

Abundance of Naturally Occurring Nuclides

No. of protons even even odd odd
No. of neutrons even odd even odd
No. of stable nuclides 157 52 50 5

A plot of the number of neutrons versus the number of protons shows
that as the atomic number increases, the N/P ratio of the stable nuclides
increases. The stable nuclides are located in the stability belt shown below.
The radioactive nuclides occur above and below this stability belt. For low
atomic number, the N/P ratio is 1 up to P = 20. Above P = 20, and up to
P = 83, the N/P ratio increases gradually from 1 to 1.5 with the increase in
atomic number. All nuclides with atomic numbers greater than 83 are beyond
the stability belt and are radioactive.

o-emission
Stability belt ——
120 - 1.5
100 14 — N_ 1
P
80 4 B-emission
N
60 A 1.2——
+ .
B-emission
and K-capture
404
201 1.0—
1 1 1 1
20 40 60 80

Types of Radioactive Decay
The type of radioactive decay that occurs usually depends on whether the
nucleus is above or below or to the right of the stability belt.

There are five common types of radioactive decay.
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1. Alpha Emission

All nuclides with atomic numbers greater than 83 are beyond the band of
stability and are radioactive. Many of these decay by alpha emission.
22%Ra — *2Rn + iHe (or o)
%o — *¥Pb + 3He (or o)
Some of the nuclides lying below the stability belt, especially the heavier

. . N . .
ones, increase their 7 ratio by undergoing alpha emission.

2Pb — “0Hg + 5He (or o)
The only stable nuclide with atomic number 83 is 20%Bi.

2. Beta Emission

Nuclei above the stability belt have too high a ratio of neutrons and protons.
Such nuclei undergo B-emission to decrease the ratio as P-emission is
equivalent to the conversion of a neutron to a proton.

1 1 0
o — 1p + e (or B)
Examples are
2Ra — ZAc + %e (or B)
HC — MC + Se (or B

3. Positron Emission

Such emission occurs for the nuclei lying below the stability belt. Positron
emission is most commonly encountered with artificially radioactive nuclei of

the lighter elements. Positron (8") emission is equivalent to the conversion of
a proton to a neutron to increase the N/P ratio.

ip = on + je (or B
Examples are
19K — ST + fe (or B7)
0 = BN + % (or p9
4. Electron Capture (K Capture)

Electron capture occurs with the nuclei lying below the stability belt, in which
an electron from the K-shell is captured by the nucleus. In effect, a proton is
changed to a neutron as in positron emission. Electron capture occurs most
often with heavier elements.

1 0 1
P+ € = o
In electron capture, an X-ray photon is emitted. Examples are
106 0 106
pAg + je — Pd

40 0 40
10K + je — J5Ar
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5. Gamma Emission*
A metastable nucleus (an excited nucleus with life time < 107 s) decays by
0y emission. A metastable Technetium-99 is denoted by ;3" Tc.
Example is
B"Tc — plc + .
There is no change in atomic number or mass number as the product is
simply a lower energy state of the original nucleus.

Radioactive Disintegration

The conversion of an element to another due to emission of ocand B particles
is known as radioactive disintegration. Radioactive disintegration is similar
to a chemical reaction of first order and so we have the following equations
for the radioactive disintegration, similar to that of a first-order reaction.
Initial number of atoms: N°
A — B

Number of atoms after time t: N

(N) =L (N) ... (23)

Rate of disintegration =—

(that is, number of disintegratlons per unit time).
On integration, we get,
2303 . N’

=== log &+ ... (24)

A is known as disintegration constant or decay constant.

In contrast to the rate constant of a chemical reaction, the decay constant
is completely independent of any external influence such as temperature and
pressure.

This is to be noted that since N°/N gives the ratio of number of atoms,
it, therefore, gives the ratio of the number of moles of atoms.

Simultaneous Disintegration
Further, if an equimolar mixture of the two radioactive substances having

decay constants A; and A, disintegrate simultaneously, the ratio of the
nuclides at the end of time ¢, that is, N;/N,, is given by,

N
2:303 logﬁl = M=)t ... (25)
2

Half-life Period

The time required for half of a radioactive substance to disintegrate is known
as the half-life period, represented here by f1 .
2

* When a positron and an electron collide, both partlcles Vamsh with the emission

of two y-photons that carry away the energy. % + 9e — 2 Jy.



Atomic Structure and Radioactivity 257

When t=t, =M-
3 2

Equation (18) reduces to
= ... (26)
t1 is independent of the initial number of atoms of the radioactive substance.
2

If Ny and N are the initial number of nuclei and the number of nuclei
undecayed at the end of the nth half-life,

N = 27N, .. (27)
A similar expression holds for the mass of the undecayed isotope, m, i.e.,
m = 2"-m, ... (28)

where my is the initial mass of the nuclei.

Average-life Period (A")
The reciprocal of the disintegration constant is known as the average-life
period.

t

1 2
Ne——— 144t .. (29
A 06932 3 @9)

Units of Radioactivity

The standard unit of radioactivity (i.e., rate of disintegration) is ‘curie’
(Ci). A curie is a quantity of radioactive material decaying at the same rate
as 1 g of Ra (3-7x 10" dps) [1 millicurie (mCi) = 37 x 10’ dps, 1 microcurie
(uCi) = 3.7 x 10* dps]. Rutherford is a more recent unit (1 rutherford =
10° dps). The SI unit is becquerel (1 Bq = 1 dps).

Parallel Radioactive Disintegration
Quite often the radioactive substance can disintegrate to form different sets
of products. For example, *’Ac decays through two parallel paths, one
leading to *’Th and one leading to **Fr.

A
! 27Th (first order)
2275

Ay

23Er (first order)

The overall decay constant for a set of parallel first-order reactions is
equal to the sum of the separate decay constants, e.g.,

Mac = An + g

The fractional yield of either process is equal to the ratio of the decay
constant for that process to the overall rate constant, e.g.,
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M
fractional yield of Th = —
Ac

)\Fr

and fractional yield of Fr =
Ac

Successive Radioactive Disintegration
In this case the ‘daughter nuclide” formed by the decay of the ‘parent nuclide’
also undergoes decay, e.g.,

initial number of nuclides: N

a Mg R
1 - f1 -
0, (e,
No. of nuclides
after time t: N, N,
We have,
N, = N e
MmN
N, = —— (¢ M —¢ %2, ... (30)
=N

Subscripts 1 and 2 stand for parent and daughter nuclides respectively. From
the above equations, the following cases of equilibrium are often considered.
1. Transient equilibrium, in which the parent has a longer half-life than the
daughter, ie., (t1); > (t1), or A; <A, and
2 2

Ny M-M

N, i
2. Secular equilibrium, in which the activity of the parent does not decrease

... (31)

much during several half-lives of the daughter, i.e., (t1); » (t1), or A; « 2,
2 2

and
N, A
— = ... (32
Ty (32)
3. Disequilibrium, in which case the daughter outlives the parent, i.e.,
(1), < (t1), or A > A, and the calculation for the number of daughter
2 2

nuclides in this case is beyond the scope of this book.

Maximum Activity of Daughter Nuclide

The time required for the radioactive daughter to reach its maximum activity
(i.e., the maximum concentration) is given by

. 2:303 (log A, —log A,)
) M=

... (33)
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Soddy-Fajans Group Displacement Law

In an o-particle emission, the resulting element has a mass number less by
four units and atomic number less by two units and so lies two places to the
left in the periodic table.

In a B-particle emission the resulting element has the same mass number
but has an atomic number greater by one unit and so lies one place to the
right in the periodic table.

Disintegration Series

The process of disintegration continues from one nucleus to another until a
stable nuclide is formed. Disintegration series constitutes all such nuclei from
the parent element to the final stable element. As the mass number is changed
only by the emission of an o-particle (by four units), we have the following:

4n (Thorium Series) Z2Th — *¥Pb
4n + 1 (Neptunium Series) “%Np — *%Bi
4n + 2 (Uranium Series) 55U — *%Pb
4n + 3 (Actinium Series) AC — 20Pb

Thus we can find out the series to which a nuclide belongs by dividing
the mass number by 4.
In case,

remainder = 0; nuclide belongs to 4n series
remainder = 1; nuclide belongs to (4n + 1) series
remainder = 2; nuclide belongs to (4n + 2) series

remainder = 3; nuclide belongs to (4n + 3) series

Radioactive Isotopes and Isobars

A radioactive isotope is formed by the emission of one o~ and two B-particles,
while an isobar is formed by the emission of one B-particle.

At. no. (Z=P) Mass no. (A=P+N) Neutron (N)
Isotopes same different different
Isobars different same different
Isotones different different same
Isomers same same same
(nuclear)

Binding Energy of the Nucleus

It has been observed that the actual mass of an isotope of an element, obtained
experimentally using mass spectrograph, is invariably less than the calculated
mass of the isotope (i.e., the sum of masses of electrons, protons and neutrons).
This mass difference is known as mass defect of the nucleus which is also
expressed as the packing fraction of the nucleus.
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isotopic mass — mass number

Packing fraction = x10%, ... (34)

mass number

The loss of mass, i.e., the ‘mass defect’ is converted into energy that releases
to stabilise the nucleus. This energy is known as binding energy which is
calculated using Einstein’s equation, E = mc?, or just multiplying the mass defect
with 931-5 MeV as 1 amu = 931-5 MeV (megaelectronvolt).

Plot of Binding Energy per nucleon vs Mass Number

The plot shows that the nuclides near the mass number 55 have the largest
binding energies per nucleon. Thus heavy nuclei are expected to undergo
fission to approach this mass number whereas light nuclei are expected to
undergo fusion.

Binding energy/nucleon

0 50 100 150 200 250
Mass number

Equivalence of amu and Energy

Since 1 amu is exactly 11—2 th of the mass of C'? atom,

1
1 amu = o x mass of a C'2 atom

1 mass of 1 mole of C'?atom

VRS Avogadro constant
1 12

=
12" 602x10% &
=166x10"*g.
According to the mass—energy equation of Einstein, we have the energy
equivalent to 1 amu:
E=mc
=1-66 10~ x (21998 x 1092 ; (c=2-998 x 10! cm/s)
=1-4925x10 % erg
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1-4925x 103
T 4184 x107
=0-3567 x 10~ '° calorie
= %&103 joule (1 joule = 10" erg)
=1-4925x 10~ " joule
14925%x10°"°
T 1.602x107 Y
=931-64 x 10° eV
=931-64 MeV (1MeV =10°eV)
=~ 9315 MeV.

calorie (1 calorie = 4-184 x 107 erg)

eV (1eV=1-602 x 10~ " joule)

Electronvolt (eV)

1 eV is the energy necessary to move an electronic charge (¢) through a
potential of exactly 1 volt. In other words, if a particle being accelerated by
a potential has a charge equal to the magnitude of the charge on an electron,
the number of eV of energy is numerically equal to the potential in volts.
Thus 1 eV =energy of 1 electron being accelerated by 1 volt.

x eV = energy of 1 electron being accelerated by x volts.
Unit Conversions
17=1 kg-mz/szz 107 ergs; 1J]=1Vx1GC;
1eV=1602x10""J=1602x 10" erg.

EXAMPLES

Ex. 1. Calculate the radius of the first Bohr orbit of a hydrogen atom. Given
that h=663x10"7 erg-s; m=9x10"*g and charge of an electron
=48x10" " esu.

Solution : We have for hydrogen, Z=1, n=1.
hZ

" aPme?

- (663 x 10~ %)

4% (3147 x9x 10~ x (4.8 x 10~ 10)?

=053x10 % em =053 A.

T ... (Eqn. 1)

Ex. 2. From the given data in Ex. 1, calculate the radius of the third orbit of a
hydrogen atom.



262 Modern Approach to Chemical Calculations

Solution : From Ex. 1, we have r; =0-53 X 108 cm.
Thus applying
r,=ntr ... (Eqn. 4)
r,=3"x0-53x 10 "% cm
=477x10"% cm =477 A.

Ex. 3. Calculate the energy of an electron in the first Bohr orbit of hydrogen.

Solution : For hydrogen, Z=1, n=1; we have,
2m%etm
El:_T ... (Eqn. 2)
_ 22X (314 x (48x107 %" x(9x107%)
(663 x 10~ %2

=-218x10"" erg.

Ex. 4. From the given data in Ex. 3, calculate the energy of an electron in the second
Bohr orbit of an excited hydrogen atom.

Solution : From Ex. 3 we have, E; =-2:18x 107" erg.
Thus applying

El
E,= — ... (Eqn. 5)
. =11
£=-218X10 54510 M erg.

2
Ex. 5. Calculate the electronic velocity in the first Bohr orbit of hydrogen.

Solution : For hydrogen; Z=1, n=1.
B 2me?

v == ... (Eqn. 3)

2% (314)x (4-8x 107 1)’
6-63x10"%
=219x10% cm/s.

Ex. 6. Calculate the velocity of an electron revolving in the second orbit of a hydrogen
atom from the given data in Ex. 5.

Solution : From Ex. 5, v; =219 X 108 em/s
v
We have, v, =;1~ ... (Eqn. 6)

219 x 108
=TT
=1.09 x 10% cm/s.
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Ex. 7. The electromagnetic radiation of wavelength 242 nm is just sufficient to ionise
the sodium atom. Calculate the ionisation energy of sodium in kilojoule per mole.

Solution : The energy required to ionise one atom is given by
h=6626%x10"%7 -5
c
E=7 c=3x10°ms™!
A =242 x 10"’ metre
Thus the energy required to ionise one mole (i.e.,, Av. const.) of Na atoms is

(6626 x107*) (3% 10%)
- 242 %107
=4946 x 10° ] mole ™!
=4.946 x 10*> k] mole ",

E x 6:022 x 107

Ex. 8. From the given data in Ex. 6 and Ex. 1, calculate the number of revolutions
of an electron in the second Bohr orbit in one second.

Solution : If r, is the radius of the second Bohr orbit, the distance travelled
by an electron in one revolution will be 2nr, (i.e., the circumference).

From Ex. 6 we have calculated that an electron travels a distance of
1-09 x 10® cm in one second in the second Bohr orbit. Hence,

. v,  109x10°
revolutions per second =——=—"—"—"""-
2nr, 2nr,

Now, rn=2".1 ... (Eqn. 4)
=2"x53%x107°
=212x107°

(n=2,1=053x10"% from Ex. 1)
. 1:09 x 10°
revolutions per second = 5
2% (314)x212x 10~
=818 x 10"

Ex. 9. Calculate the ionisation energy in eV of a hydrogen atom in the ground state.

Solution : Since ionisation energy is defined as the energy required to remove
an electron from the outermost orbit of an atom, mathematically, we can
say that since the hydrogen atom is in the ground state, ionisation energy
will be the energy required to remove the electron from the first orbit to
the infinite orbit (i.e., 7; to 7).

Thus,
ionisation energy =E_ - E;
=0-(-218x10" ") erg.
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(from Ex. 3, E;=—-2-18x 10~ " erg)

. -11
_218x10 o ey

-, ionisation energy =2:18 x 10~ ! erg = =
& & 602 x10 2

(1eV=1602x10""1 erg)

Ex. 10. What will be the wavelength of the emitted radiations when an electron
jumps from a third orbit to a first orbit in a hydrogen atom? Rydberg constant,
R =109737 ecm ™.

Solution : We have for hydrogen (Z=1)
1 1 1
—=R|=5-—| ... (Eqn. 7
A (Vz% n%} (Eqn. 7)
Here n;=1 and n,=3.
1 1 1
—=109737 | - =
A (12 32J
A=1025x10"° cm/wave.

Ex. 11. Equations (1) to (7) have been applied to the above problems for hydrogen
atom. Can these equations be applied to calculate r, E, v, elc., for He' and
Li%* ions?

Solution : As the Bohr theory is applicable to a one-electron system, the said
equations can be applied to He* and Li*" ions as these species have only
one electron each. The value of Z will be taken as 2 and 3 for He™ and
Li®* respectively.

Ex. 12. The ionisation energy of He™ is 19-6 x 10" J per atom. Calculate the
energy of the first stationary state of Li**.

Solution : The ionisation energy of He" is 19-6 x 10~ '® ] per atom

. energy of the first orbit of He™ (Z=2) =19-6 x 1078 7.

196 x 10~ "
. energy of the first orbit of H* (Z=1) = Xf].
, , s 19-6x 10~ '8
. energy of the first orbit of Li*" (Z=3) = — x9
=441%x10""7.

Ex. 13. If the wavelength of light is 5-89 x 10~ ° cm, what will be the energy in one
photon in the given region of light?

(h=663x10""erg-s; c=3x 10" cm/s)
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Solution : We have,

E=hv
and c=VA
from which we get,
gl
A
_663%x1077 x3x10"

5-89x107°
=337x10 Zerg.

Ex. 14. What electronic transition in the He" ion would emit the radiation of the
same wavelength as that of the first Lyman transition of hydrogen (i.e., for an
electron jumping from n=2 to n=1)? Neglect the reduced-mass effect. Also,

calculate second ionisation potential of He and first Bohr orbit for He ™.
(e=16x10"" coulomb, m=91x 10~ kg, h=6626 x 10737 -5,

¢ =2:997 x 10® metre/s and

€, =8854x 10" 2 coulomb®/newton - metre?)

Solution : As He ™ has only one electron, Bohr equations may be applied and
the Rydberg constant, R, for H and He' will be the same as the
reduced-mass effect is neglected.

For first Lyman transition for hydrogen (i.e., when an electron jumps
from n=2 to n=1), we have,

1 (1 1 1 1) 3R
—=RZ|S5-—|=R| -5 |=2
A [n% ngj [12 ZZJ 4

Since wavelength of the radiation emitted in electronic transition in

He™ is the same as for hydrogen, therefore, for He " (Z = 2),

1_rz %—lz =4R %—lz _3R
A ny n, ng ny| 4

. n; and n, have to be 2 and 4 respectively as

1 1 1) 3R
) -‘“{?‘E}T
As the second IP of He is the energy required to remove the second
electron from first orbit to infinite orbit,

ZFeé'm (11
second IP of He = —--— ... (Eqn. 9)
8eg [12 m]

we have,
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e 22 (16 x10™ 9% (91x 1073

8 (8:854 x 10~ 122 (6:626 x 10 ~*y?

=867 x 10" joules.
Now to calculate r, for He (Z = 2), we have,

g 2

TAmZé
(8854 %107 ") (1)* (6:626 x 10~
T (314) (91 x 1073 (2) (146 x 10 %)
=264 x 10~ " metres.

"

... (Eqn. 8)

Ex. 15. The energy of the electron in the second and third Bohr orbit of hydrogen
atom is —5-42x 10" erg and —2-41x 10" 2 erg respectively. Calculate the
wavelength of the emitted radiation when the electron drops from the third to

second orbit. (h=662x10"% erg -5, c=3x10'"" cm/s)
Solution : We have,
AE = E3 - E2
=—241x10712- (-542x107'%)
=301x10" Zerg.
We know, AE=hv and c=VA.

Thus AE = he .
A

%:3-01 %1072,

B hc
301x10° 2
_6:62x10” 7 x3x10"
© 301x10° 2
=6:6%x107 % cm.

Ex. 16. Calculate the wavelength in angstrom of the photon that is emitted when
an electron in Bohr orbit n=2 returns to the orbit n=1 in the hydrogen
atom. The ionisation potential of the ground state of hydrogen atom is

217 x 10~ erg per atom.

Solution : Since the hydrogen atom has only one orbit containing only one
electron, the ionisation potential of the ground state of the hydrogen atom

is the energy of the electron of the first orbit., i.e.,
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E; =-217x10""erg.

E
Thus, E,=—
n ... (Eqn. 5)
217 %10~ 1
== 2 (n=2)
*. energy of the radiation emitted,
AE=E,-E,
217 %10 " _
SR (=217 %1071
=1-627 x 10~ " erg.
he

We know AE=hv=7-

Thus %: 1-627x10~ 1

52 662% 10" x3x 10"
1.627x 10~ 11
=1220A. (1A=10"%cm)

=122x10"%cm

Ex. 17. The  electron  energy in  hydrogen  atom is  given by

E=(-21-7x 10~ *)/n* erg. Calculate the energy required to remove an electron
completely from the n =2 orbit. What is the longest wavelength (in centimetres
of light that can be used to cause this transition?

Solution : The energy required to remove an electron from the second orbit
is the same as the energy released (AE) when an electron will drop from
the infinite orbit to the second orbit. Thus,

21.7x 10~ 12 217%x10" 2
AE=- — |- 22
—-12
_0+ 217210 T 5410 Perg,
2
he
Now we know AE = hv :7~
he 12
Z=542%10
A

=3-66x10"° cm.

5 662 10~ x3x 10"
542 x 10712
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Ex. 18. According to Bohr theory, the electronic energy of a hydrogen atom in the

o 2176 x 10~ "
n™ Bohr atom is given by En=—+ J. Calculate the longest
n

wavelength of light that will be needed to remove an electron from the third
Bohr orbit of the He" ion.
(h=6626x10"*]-s.,, c=3x10°m-s™ 1) (ITT 1990)

Solution : Let us first calculate the energy required to remove an electron
from the third orbit of the He™ ion. This energy will be equal to the
energy released (AE) when an electron will drop from oo orbit to third
orbit. For He™, Z = 2 and for H', Z = 1, Thus for He*

-19 -19
ap - L7610 ><22_(_21 7610 xzz]
oo 3
=0+967x107"].

Now,

AE=hV=E-
A

. he (6626 x107*) (3% 10%)
AE 9.67x10~ Y

=2.055x 10 "7 metres.

Ex. 19. Assuming a spherical shape for the F nucleus, calculate the radius and the
nuclear density of the F nucleus of mass number 19.

Solution : We have,
r=(14x10"")A%
=14x10" ¥ x 19"
=507 x10" "2 cm. ... (Eqn. 8)

4
Volume of 1 F atom = 3 e

= % x 314 x (507 x 10~ %)

=717x10"¥ em®.
mass of 1 mole of nucleus
Av. no.

Mass of a single nucleus =

v
T 6022 x107 ¥
mass of single nucleus

Thus, density of the nucleus = ;
volume of single nucleus
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B 19 N 1
6:022%x10% " 7.17x 10~ ¥

=0-44x10" gem >,

Ex. 20. What is the relationship between the eV and the wavelength in metres of
the energetically equivalent photon?

Solution : The electronvolt is the energy imparted to an electron accelerated
by a potential difference of 1 volt.
1 eV = (charge of an electron) x (pot. diff.)
=1-6022 x 10~ " coulomb x 1 volt

=1-6022 x 10~ joule.
[Note: 1 V =1]/C]

We know,
he
E=hv=—
A
or _he
! " E

_6626x107* (] -5)x2:988 x10° (m-s~")
1-6022 x 10~ ()
=1.24 x 10~ metres.

Thus wavelength equivalent to 1 eV is 1-24 x 10 ~° metres.

Ex. 21. The vapour of Hg absorbs some electrons accelerated by a potential difference
of 4-5volts as a result of which light is emitted. If the full energy of a single
incident electron is supposed to be converted into light emitted by a single Hg
atom, find the wavenumber (1/A) of the light.

Solution : From the previous example, we have,

charge of an electron | [ potential difference
45 eV = . .
in coulomb in volt
=(1-6022 x 10~ ") (4-5) joule.
Now,
ber oL E
wavenumber =-=7--

. (1:6022x107") (45)
(6-626 x 10 ™3 (2:998 x 10%)

=363 x 10° metres ™.
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Ex. 22. The uncertainty in the momentum of a particle is 2:5x10" " g cms™ .

With what accuracy can its position be determined? (h=6-625x10"% erg s,
ie, gecm’s ™)

Solution : We have,

h
Ax-Ap=—— ... (Egn. 1
X - Ap i (Eqn. 16)
or szixL
4 Ap

6-625x10" " gcm®s ™!
4x314x(25%x10 *gems™Y)

=211x10" 2 cm.

Ex. 23. What conclusion may be drawn from the following results of (a) and (b)?

(a) If a 1x107%kg body is travelling along the x-axis at 1 m/s within
0-01 m/s. Calculate the theoretical uncertainty in its position.

(b) If an electron is travelling at 100 m/s within 1 m/s, calculate the theoretical
uncertainty in its position.

[h=663%10"%] s, mass of electron =9-109 x 10~ 3 kgl

Solution : (a) The velocity has an uncertainty of 0-02 m/s. (from 0-99 to
1-01 m/s)

h 663 x107% (] -s)
T auma T (4% 3.14) (110 kg) (0-02m/s)
~3x10"% metre.
~ 6:63x107 (] -s)
 (4x314) (9109 X103 kg) (2 m/s)

~3x107° metres.

(b) Ax

[Note: From the values of Ax in (a) and (b), we see that the small mass of electron
causes a very significant uncertainty in its position, whereas uncertainty
in position of a macroscopic body is negligible compared to that of an
electron. Hence it may be concluded that the uncertainty principle is not
applicable to macroscopic bodies.]

Ex. 24. Find the product of uncertainty in position and velocity for an electron of mass
910x10 " kg. (h=662x10"**] -5, ie, kg m*s ™)

Solution : We have,

Ax.Apzﬁ ... (Eqn. 16)



Atomic Structure and Radioactivity 271

Ax-(mxAv):ﬁ

or Ax - Av=

4nm
6-62x 107 (kg:m?s ™)
4x314x910x 10 7% (kg)

=58x10"°m?s™ L

Ex. 25. Calculate the minimum uncertainty in velocity of a particle of mass
1-1 x 10~ % kg if uncertainty in its position is 3x 10~ cm.
(h=662x10"*kg -m’s™")

Solution : We have,

Ax~Ap:ﬁ ... (Eqn. 16)

Ax~(mAv)=%

or Av=£- 1
4 m Ax

6-62x 10~ * (kg - m*s~ ")
4x314x(111x10"7 kg) x (3% 10~ > m)

=16x10*ms~ .

Ex. 26. The uncertainties in the position and velocity of a particle are 10" m and
527x10 *ms™! respectively. Calculate the mass of the particle.
(h=6625x10"%7-5)

h
Solution : We have, Ax - (m Av) = an

h 1
or m=—x
At Ax-Av

6-625x 10~ (kg - m?s™ ")
4%314%x (10" %m) (527 x 10" * ms™
=0-10 kg.

Ex. 27. The first ionisation potential for Li is 5-41 eV and electron affinity of Cl
is 3-61 eV. Calculate AH in kJ/mol for the reaction:
Li(g)+Cl(g) — LiT+Cl~
Suppose that the resulting ions do not combine with each other.
(1eV=1-60x10"**kJ, Av. const. = 6-02 x 10%)
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Solution : Li(g) — Li*+e;
AH, =+ 541 x 1-60 x 10 ~* kJ / atom (IP)
=+541 % 1-60 X 10 "2 x 602 x 10* kJ/mole.
Cl(g)+e — Cl7; AH,=-3-61x 160 x 10~ kJ/atom (EA)
=—361 x 1-60 X 10~ 2 x 6:02 x 10% kJ/mole.

On adding, we get,

Li(g) +Cl(g) —» Li*+Cl~;

AH = AH, + AH,
= 173-4 k] /mole (on substituting values of AH; and AH,).

Ex. 28. Calculate the accelerating potential that must be imparted to a proton beam
to give it an effective wavelength of 0-005 nm.

Solution : Atomic weight of hydrogen is 1-008 amu.
weight of 1 mole of proton =1-008 g.

1-008
ight of 1 proton =—————=0-167 x 10~ *
weight of 1 proton 6022 x 107 g
=0167 x 10 * kg
We have,
6:63%x10737]-
v= h ( I'9) =794 x10* m/s.

mh (0167 x 10 % kg) (0-005x 10~° m)
Kinetic energy = % mo? =% (0167 x 10~ %) (7-94 x 10%?

=526x10"" ]

_ 526x10°"

T 1602x10° " ©

=328 eV.
As the magnitude of charge of a proton is the same as that of an electron,
the potential required is equal in magnitude to the number of eV, i.e.,
328 volts.

Ex. 29. 13-6 eV is needed for ionisation of a hydrogen atom. An electron in a
hydrogen atom in its ground state absorbs 1-50 times as much energy as the

minimum energy required for it to escape from the atom. What is the wavelength

of the emitted electron? (m,=9109x 10> kg, e=1-602x10"" coulomb,
h=663x10"%7 )
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Solution : 1-5 times of 13-6 eV, i.e., 20-4 eV, is absorbed by the hydrogen
atom out of which 6-8 eV (20-4 —13-6) is converted to kinetic energy.

KE = 6-8 eV = 68 (1-602 x 10~ Y coulomb) (1 volt) = 1-09 x 10 ¥ J.

Now, KE= 1 met

18
or \/ZKE \/2(1 09x107°])

(9109 x 10" kg)
=155x10° m/s.
h (6-63x107%7]-s)
mo - (9.109 x 10~ kg) (1-55 x 10° m/s)
=470 x 10~ ¥ metres.

Ex. 30. How many photons of light having a wavelength of 4000 A are necessary
to provide 1 ] of energy?

(h=663x10"*T -5, c=3x10* m/s)

Solution : Energy of a photon =hv =h—}f

_(663x107*].s) (3x 10° m/s)
(4000 x 10~ m)

=497 x10"Y].
". number of photons required = S E—
497 %107 Y]
=2:01x10".

Ex. 31. With what velocity should an o-particle travel towards the nucleus of a Cu
atom so as to arrive at a distance 107 metre from the nucleus of the Cu atom?

(Cu=29,e = 16x10°C, g = 885x10™ J'C*m™, m,= 91x 107 kg)

(IIT 1997)
Solution : We have,
ZZe 1,
— =~ . ... (13
dngyd 2 et (13)
Substituting Z; = 29, Z, = 2 and the given values in the above equation,

we get,
v = 541 x10° m/s.

Ex. 32. The iodine molecule dissociates into atoms after absorbing light of 4500 A
if one quantum of radiation is absorbed by each molecule. Calculate the kinetic
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energy of iodine atoms. (Bond energy per molecule of I, = 240 k] mol™)
(IIT 1995)

240 x 1000 |
6:022 x 102
= 3.984x 107" 7.

Solution : Bond energy per molecule of I, =

Energy absorbed = %

—34 8
_ 6626x107x3x10% o sy

4500 x10™°
. KE of one I, molecule = 4-417 x 107" — 3.984 x 107]
= 433x107°]7.
4. 1 —20
KE of one I atom = % — 21651027

Ex. 33. Consider an a-particle just in contact with %3U nucleus. Calculate the
coulombic repulsion energy (i.e., the height of the coulombic barrier between
P80 and the o-particle) assuming that the distance between them is equal to

the sum of their radii. (ry= 1-4 X 1072, e = 48 x 107 esu)

Solution : Distance between U?*® and He* nuclei, d,
= radius of U*® + radius of He*

14 x 1078 x (238)% + 14x10% % (4)% ... (Eqn. 14)
= 10899 x 107" cm.
Z,Z, ¢
d
92 x 2 x (4-8 x 107'%)?
1-0899 x 1072
3.899 x 107 erg.

*. coulombic barrier = ... (Eqn. 12)

Ex. 34. Calculate the electronegativity of fluorine from the following data:
E 4y = 104-2 kcal mol™
E ¢y = 366 kcal mol™
E iy = 134-6 kcal mol™
Electronegativity of H = 2-05
Solution : Energy for 100% covalent bond (H-F) = VEpn X Epg

= V1042 x 366
= 6175 kcal.
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Resonance energy (A)

actual bond energy — energy for 100%
covalent bond

1346 - 6175
72-85 kcal.
Electronegativity difference = 0-18 VA’
Electronegativity of F — electronegativity of H = 0-18 VA
Electronegativity of F = 0-18 x\72-85 + 2-05
= 3-586.
Note: Electronegativity difference = 0-18 VA ; A in keal/mole
0-088 VA ; A in kJ/mole

0-208 VA ; A in eV/mole.

Ex. 35. Calculate the value of Bohr magneton. For a hydrogen-like atom with a 3d
electron, what is the value of the orbital angular momentum in terms of #?
(e=16x10"c, h = 6626 x 10°* J.s and m, = 9109 x 10" kg)

Solution : We have,

eh
MB(B]VI) :E ... (19)
_ (1:6x1077)(6:626 x 107*)
4 %314 %9109 x 107

=9.266 x 10T\

Further, we have,

L:\/l(l+1)%:\/l(l+1) fi. ... (18)
For a 3d electron, [ =2
L=\22+1) #
=6 #.

Ex. 36. A compound of vanadium has a magnetic moment of 1.73 BM. Work out
the electronic configuration of the vanadium ion in the compound. (IIT 1997)

Solution : See Q. 506 Ch. 21.

Ex. 37. The wavelength associated with an electron moving in a potential difference
of 2000 V is 0.05 nm. How slow must a 0.01-kg hockey ball travel to have the
same de Broglie wavelength as a 2000 V electron?

Solution : We have,
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or UV="r

B 6626 x 107
001 x10° % 0.05x 1077
=1325x10" ecm s

Ex. 38. Consider the hydrogen atom to be a proton embedded in a cavity of radius
ay (Bohr radius) whose charge is neutralised by the addition of an electron to
the cavity in vacuum, infinitely slowly. Estimate the average total energy of an
electron in its ground state in a hydrogen atom as the work done in the above
neutralisation process. Also, if the magnitude of the average kinetic energy is
half the magnitude of the average potential energy, find the average potential
energy. (IIT 1996)

a=da,
Solution : Work done in neutralisation = I(force) da,.
1=oo
Now potential energy of the electron, at a distance a, from the nucleus,

is given by the work done in moving the electron from o to that point.

a=a

otential energy of an electron = J. ! 6—2 a
P 8y 4rne aé 0
a=oc0

_ 62

- dme g,
average kinetic ener —lf ¢ W (given)

& 8y =3 \4me o | &
~ 8ne

& &
Total energy = KE + PE = + (_ )
8neyy | 4megy)
2

81E o

Ex. 39. What is the maximum number of electrons in an atom in which the last
electron, filled, has the following quantum numbers?
(a) n=3,1=1 (b)n=3,1=2
(¢c) n=3,1=2 and m=-1 (d)n=3,1=1and m=-1

(e) n=3,1=2,m=0 tmds:—%
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Solution :
N e in last Electronic Max.
Q- Nos. orbital configuration No. of e
(@ n=3,1=1 3p°  1s% 267 2p°, 357, 3p° 18
(b) n=3,1=2 3d"° 157,257, 2p°, 3%, 3p°, 4%, 34" 30
(© n=31=2,m=-1 3d 1%, 287 2p°, 3%, 3p°, 4s%, 3" 27
(d) n=3,1=1, m=-1 3pt 1%, 287 2p°, 357, 3p* 16
(€ n=3,1=2,m=0,s=- % 3d®  15%,25%, 29, 357, 3p°, 457, 3d° 28

Ex. 40. The following incorrect set of quantum numbers in the order n, I, m, s are

written for paired electrons or for one electron in an orbital. Correct them,
assuming n values are correct.

1 1 1
— — +_
(a) 1,0,0,+2 +2 (b)2,2,1/—2
(0)3,2,3,+~ @ 3,1,2,++
C , Ly r+5 s Ly 4, 2
(e) 2/ 1/_1/0 (]93/ 0/_1/_%
1 1
Solution : (a) 1,0, O'iE (b) 2,1, l,iE
()322+l (d)311+l
C , Ly ,_2 y 4,4 2
1 1
(e) 2, 1'_1'+E (f) 3,0, 0,—5

Ex. 41. Plutonium-239 has been used as a power source for heart pacemakers. What

is the energy obtained from the following decay of 215 mg of Pu-239?

%iPu — jHe + 33U
Suppose the electric energy produced from this amount of Pu-239 is 25% of this
value, what is the minimum grams of Zn that would be needed for the standard
voltaic cell

Zn|Zn*" || Cu™ | Cu
to obtain the same electric energy? Given that Bl =11V, He =4.0015 amu,
U =234-9935 amu, Pu =239-0006 amu.

Solution : ZPu — SHe + ;U

Mass defect =239-0006 - 4-0015 — 2349935 = 0-0056 amu.

From mass — energy equation of Einstein, 1 amu =931-5 MeV.
Energy released per Pu nuclide = 0-0056 x 931-5 = 5-2164 MeV.
Energy obtained from the decay of 215 mg of Pu-239
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0-215
239

=2.826 x 10* MeV
=2.826x 10" x 1-602x 107 J
=4527 x 10% ]

=52164 x x 6:022 x 10 MeV

4527 x 10?
4

Let the amount of Zn required to produce this energy from a

electric energy = 25% of total energy = =113 x 10%].

standard galvanic cell be w g.
As 1 mole of Zn produces 2 moles of electrons,

moles of electrons produced by — moles of Zn= 26_ZSU
Electric energy by a galvanic cell = nFE
2w
=55 = 96500 1-1
=326615w].

Thus, 326615 w =1-13 x 107
w=346x107"g,
[Note: Read the text in Chapter 18]

Ex. 42. One of the nuclides in each of the following pairs is radioactive; the other
is stable. Which one is radioactive and which is stable? Explain.

(a) 8Po, 2Bi (b) 3K, 19K (c) 11Ga, $Ga

Solution :
(a) Po has an atomic number greater than 83 and so it is radioactive.
Bi-209 has 126 neutrons (a magic no.), so it is expected to be stable.
(b) 39K has a magic no. of neutrons, (20), so it is expected to be stable.
The isotope 19K has an odd number of protons (19) and an odd number
of neutrons (21). Since stable odd-odd nuclei are rare, {0K is expected to
be radioactive.
(c) Of the two isotopes 5:Ga lies farther from the centre of the stability
belt, so it is expected to be radioactive and };Ga to be stable.
Note: Nuclei with a certain number of protons or neutrons called Magic Number
appear to be very stable. For protons, the magic numbers are 2, 8, 20, 28,
50 and 82. Neutrons have the same magic numbers as well as the magic
number 126. For protons, calculations show that 114 should also be a magic

number.
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43. The mass number and the atomic number of uranium are 238 and 92
respectively. If on nuclear disintegration 6 o- and 4 B-particles are emitted, find
the mass number and atomic number of the atom formed.

Solution : Applying group displacement law, emission of 6 o-particles will

Ex.

cause a decrease in mass number by 24 (6 x 4) units and in atomic number
by 12 (6 x 2) units. Now with the emission of 4 -particles, mass number
will not change but atomic number will increase by 4 units. Thus the
mass number and the atomic number of the atom formed will be 214
(i.e., 238 —24) and 84 (i.e., 92 — 12 + 4) respectively.

44. % Th disintegrates to give *3Pb as the final product. How many o- and

B-particles are emitted during the process? (IIT 1986)

Solution : Since with the emission of an o-particle, the mass number of the

Ex.

product decreases by four units. Thus,
234 - 206
n =7.
Now with the emission of 7 a-particles, the atomic number decreases by
14 units, i.e., the resulting atomic number will be 90 — 14 =76. But since

Pb has an atomic number of 82, therefore, 6 B-particles will be emitted
in order to increase the atomic number from 76 to 82.

number of a-particles emitted =

700
Thus ZTh ———— 2Pb.
6P

45. 'Be captures a K-electron into its nucleus. What will be the mass number
and atomic number of the nuclide formed?

Solution : When a nucleus captures a K-electron, a proton is converted to a

Ex.

neutron. So the mass number does not change but the atomic number
reduces by 1 unit. Thus the mass number and atomic number of the
resulting nuclide will be 7 and 3 respectively.

46. To which radioactive series does “gyAc belong?

Solution : Dividing the mass number 227 by 4, the remainder is 3 and

Ex.

therefore, the radioactive series to which zégAc belongs to is (4n + 3), i.e.,

Actinium series.

47. A sample of radioactive "I gave with a Geiger counter 3150 counts per
minute at a certain time and 3055 counts per minute exactly one hour later.
Calculate the half-life period of "I

Solution : N =3150 ; N = 3055, t = 1 hour.
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0-6932

We have, A=
tl /2

2.
Substituting these values in A= @ log %

06932 2303 | 3150
no 1 983055
2

t1=22-63 hours.

1
2

Ex. 48. In a sample of pitchblende the ratio of **Pb : ®*U=0-2: 1 by weight. If the

disintegration constant of 2*U is 1-54 x 10~ '° per year and all Pb is supposed
to be originated from uranium, what will be the age of the mineral?

Solution : Initial moles: N°
887, 206py
Moles after time #: (N° —x) X
wt. of 2°Pb 02
wtof Py 1
mole of Pb** 02/206 0-231
mole of UP® 1238 = 1
X

or - 0L
Adding 1 in both sides,
X
1+ =0231+1
N —x
N°
=1.231
N —x

We have, A= 2'3;03 log % ... (Eqn. 24)

_2303 N
or == og —

154x10 710 = 2'3;03 log 1231

t=1-35%10° years.

Ex. 49. For *Na, t1=14-8 hours. In what period of time will a sample of this
2

substance lose 90% of its radioactive intensity?

Solution : Let the initial radioactive intensity be 100 which corresponds to
N°. The radioactive intensity after a time period, say t hours, will be 10

(corresponding to N) as the substance has lost 90% of its radioactive
intensity.
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= 0-6932  0-6932

= iis ... (Eqn. 26)
2
2:303 N°
We have, A= ; log ~

06932 2303 100
148t %710
t =49-17 hours.

Ex. 50. Radioactivity is a first-order process. Radioactive carbon in wood sample

decays with a half-life of 5770 years. What is the rate constant (in year™") for
the decay? What fraction would remain after 11540 years?
Solution : We have, A= 0'6332

2

= % =12x10"* per year.

Further, as the duration of 11540 years is just the double of t1 (i.e., 5770
2

... (Eqn. 26)

years) we can find out the fraction remained after 11540 years without
using equation (24) as follows:

After 5770 years, half of the substance would remain and after another
5770 years (i.e., a total of 11540 years) half of the half would remain, i.e.,
one fourth would remain after 11540 years.

Ex. 51. Carbon-containing compounds in living organisms maintain an equilibrium
with "*C in the atmosphere. The activity associated with C in the equilibrium
is 15 disintegrations/minute/gram of carbon (t,,, of **C =5730 years). An old
tree, found in an burial, was subjected to radioactive dating. The decay rate
associated with its "*C content is 10 disintegrations/minute/gram of C. Find the
time elapsed since the tree was cut down.

Solution : x:%ﬂm x10 " *yr~! ... (Eqn. 26)
Now,
rate of disintegration of '*C (when equilibrium was destroyed, i.e., when
the tree was cut down) o< N°.

And present rate of disintegration o« N

| N 15
ie., N =10
Using Eqn. (24),

2303 N°
=—— log —

A t N
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—q_2:303 303 15
or 121x 10" %= log 75
or t=335x10° years..

Ex. 52. The lowest level C activity for experimental detection is 0-03 dis./min/g of
C. What is the maximum age of an object that can be determined by the C-14
method? Use necessary data from previous example.

Solution : From the previous example, 15 dis./min corresponds to N° and
0-03 dis./min/g of C corresponds to N.

N 15
N 003
Let the maximum age of the object be t years.
Thus, =@ log % ... (Eqn. 24)
06932 _ 2:303 15
5730 0t %003
or t=51x10* years.

Ex. 53. What is the o activity in disintegrations per minute for 0-001 g sample of
26Ra (tl =1620 years)?
2

Solution : As the rate of disintegration is to be calculated as disintegrations
per minute, {1 has also to be taken in minutes.
2

=1620 x 365 x 24 x 60 minutes

0 001
226
Mole of ““Ra = 26
no. of nuclei of 2*Ra = mole x Av. const.
_ 0001 23
=% X 6-:022 x 10°°.

Now, we have,
d(N) _MN 0 6932

-~ —, %N ... (23)
2
0-6932 0-001 x 6:022 x 10%
= X
1620 % 365 x 24 x 60 226

=2.16 x 10* events/minute.

Ex. 54. What weight of **C (tl =5760 years) will make one curie of it? [one curie
2

gives 3.7 x 10" disintegrations/second (dps)].
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Solution : Let the weight of "*C be w gram

Number of *C nuclei = mole x Av. constant

_w 23
=17 % 6:022x 10
and t1 in second =5760 x 365 x 24 x 60 x 60
2

Now, we have, —d;—t})zk(l\l):@xN ... (23)

0-6932 w
3.7x 10" = — X% 6022 x 107,
5760 x 365 x 24 x 60 x 60 . 14 x

w=0225g.

Ex. 55. A sample of radioactive substance shows an intensity of 2:3 millicurie at a

time t and an intensity of 1-62 millicurie 600 seconds later. What is the half-life
period of the radioactive material?

Solution : Here M—&
oLwution N = 162
2-303 2:30
We have, A= 500 log T 0-000584.
Now, ti= 06932 06932 = 1187 seconds.

Ex. 56. The radioisotope 1P is used in biochemical studies. A sample containing
this isotope has an activity 1000 times the detectable limit. How long could an
experiment be run with the sample before the radioactivity could no longer be
detected? Half-life of J2P is 142 days.

Solution : The minimum number of P atoms, the radioactivity of which could

be detected, is one, and so the sample will initially contain 1000 atoms
of P.

N° 1000
Thus, N- 1
2-303 N°
Now, )FT log ~
06932 2:303 o 1000
142 ¢t %71
or t=141-5 days.

Ex. 57. 1 gram **Ra is placed in an evacuated tube whose volume is 5 cc. Assuming
that each Ra nucleus yields four He atoms which are retained in the tube, what
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will be the partial pressures at 27°C of He produced at the end of a year?
f1 for Ra is 1590 years.
2

Solution : Suppose x moles of Ra disintegrates into He after 1 year.
Initial moles: 1/226 0
Ra — 4He

1
Moles after 1 yr: [% - X 4x

(" 1 mole of Ra produces 4 moles of He)

We have,
5 06932 2303 log N
t1 t N
2
06932 _ 2:303 log 1/226
1590 1 1
e
=2-303 log S -
(1-226x)
00005

On solving, we get, x = o6

Total moles of He =4 x x
0-0005  0-002

226 226
Volume of the tube = 0-005 litre.
Temperature = (273 +27) K
=300 K.

Thus, partial pressure of He = % RT

0002 00821
Pre="226 %0005 <

=(0-04358 atm
=0-04358 x 760 mm
=33-12 mm.

Ex. 58. Y has a half-life of 64 hours and *Sr, 28 years. Sr decays to Y by
B-emission. What will be the amount of Y in equilibrium with 1 g of *°Sr?

Solution : Let the amount of Y be w g.

90y _ L
Mole of OY—90
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1
Wa,. _ L
Mole of Sr = %

(t15)y = 64 hours
(t1,)5r = 28 x 365 x 24 hours.
Now, we have, for secular equilibrium,

(mole)y — (hy)y

(mole)sr B (t]a)sr
w/90 64 .
1/90 ~ 28 x 365 x 24
Hence, w=391x10"*g.

285

... (Eqn. 32)

Ex. 59. Calculate in MeV the energy equivalent to one gram-atomic weight of

electrons at rest.

Solution : The mass of 1 mole (1 gram-atomic weight) of electrons on atomic

N
1837

weight scale is amu.

N
". energy equivalent to 1337 amu of electrons

_ 6:022x10”
T 1837

(1 amu=931-5 MeV)

X 931-5 = 3-053 x 102 MeV.

Ex. 60. Calculate the binding energy per nucleon (in MeV) in He atom, 3He which

has a mass of 4-00260 amu. Mass of one neutron = 1-008665 amu and mass

of 1 hydrogen atom = 1-007825 amu.

Solution : He atom contains 2 protons, 2 neutrons and 2 electrons.

Mass of (2 protons + 2 electrons) =2 x mass of 1 H atom
=2x1-007825 amu
=2.01565 amu.

Mass of 2 neutrons =2 x 1-008665 amu
=2-017330 amu.
mass of He atom =2-01565 + 2-01733
=4-03298 amu.

Actual mass of He atom =4-00260 amu.

mass-defect=4-03298 — 4-00260
=0-03038 amu
binding energy=0-03038 x 931-5 MeV
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=28-298 MeV.
(1 amu =931-5 MeV)
28-298
. binding energy per nucleon = 1
=7-0745 MeV.

Ex. 61. A certain radioisotope QX [t% =10 daysj decays to give ’éjéY. If 1 mole of

;‘X is kept in a sealed vessel, what volume of helium will accumulate in 20 days
at NTP?
Solution : ;X - ?:;Y+ ;‘He
Suppose that x moles of X give x moles of He after 20 days.
*. moles of X after 20 days =1-x
Now, we have,

522308 N° 06932
ST BN TTE
2
2303 | 1 _ 06932
or 20 1T 10

x =075 mole.

volume of He at NTP = 0-75 x 22-4 ... (Rule 3, Ch. 1)
=16-8 litres.

Ex. 62. You have 0-1 gram-atom of a radioactive isotope ;X (half-life = 5 days).
How many number of atoms will decay during the eleventh day?

Solution : Let the amount of X after 10 days be x moles

2-303 N® 06932
We have, A—T log N TR
2

2-303 01 06932

or 0 %%y 75
or x=0-025 mole.
number of atoms = 0-025 x 6-022 x 107 ... (Rule 4, Ch. 1)
=1-505x 10%,

Thus the number of atoms on the eleventh day is 1-505 x 10
Now, no. of atoms decaying on the eleventh day
= no. of disintegration per day.

diN) 06932
BPTE MN) = —t% x N.
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or - % = @ x 1-505 x 102 = 2:086 x 10°.

Ex. 63. The limit of a particular detection system is 0-002 dps for 1 g sample.
Find the maximum t1 that this system could detect in a 1-g sample of a nuclide
2

of mass number 200.
Solution : We know, N = no. of atoms = moles X Av. const.

—ix6022x1023

200
d(N
Q_MN)

06932 1 »
0:002 = === X 755X 6022 X 10

2

t1=1-0436 x 10* seconds
2

=3334x 10" years.

Ex. 64. An experiment requires minimum B-activity produced at the rate of 346

B-particles per minute. The t1 of ;) Mo, which is a B-emitter, is 66-6 hours.
2

Find the minimum amount of ZZ Mo required to carry out the experiment in

6909 hours. (IIT 1989)
Sotion . actvity =100
olution : PB-activity = =346 x 60 P-particles/h.
AN ) = 262 6932 N
dt 1
2
0-6932
346 x60=—-— N
or 666
or N=2x10°
Again,
2:303 N°
Y]
06932 2303 N 1 N°
———=——log =7 log —-
666 6909 N 3 N
Substituting the value of N in the above equation,
-6932

N 66-6
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N°
or N 1-074
or N°=1.074 x N =1-074 x 2 x 10° = 2148 x 10°
6
. no. of moles of Mo = &XNB =3567x10" 8
6022 x 10
and  wt. of Mo=(3567x10""¥x99) ¢ (Mo = 99)
=353x10 g
Ex. 65. For the decay:
228 A c 228Th 224R a

where L (Ac) = 314x107° s7! and A (Th) = 1-148 x 107 s, Determine the
time for the radioactive daughter to reach its maximum activity.

Solution : We have,
2:303 (logA, — log A
f = (logh, ~log 4) ... (Eqn. 33)
}"1 - }\‘2
2:303 (log 3-14x 10~ — log 1-148 x 10°)
314x10°-1-148 x 107
2:52x10° s.

Ex. 66. *Ac has a half-life of 21-8 years with respect to radioactive decay. The
decay follows two parallel paths, one leading to *’Th and the other leading
to *?Fr. The percentage yields of these two daughter nuclides are 1-2% and
98-8% respectively. What is the rate constant in y™', for each of the separate
paths?

Solution : We have,

A = (fractional yield of Th) x A,

= 11—(')% x318x107 = 38x107* yr.
Similarly,

%8,
100
[Note: A,.is equal to the sum of A, and A, .]

Ap = 318107 = 3-14x 1072 yr.

Ex. 67. “*Cu(t,,=12-8 h) decays by B -emission (38%), B-emission (19%) and
electron capture (43%). Write decay products and calculate partial half-lives for
each of the decay processes. (IIT 2002)
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Solution : Acy= % =0-054

$zn + % (38%)
}"2
5Cu SNi + e (19%)
7‘3
SN (43%)
0

1€

A, = fractional yield of Zn x Ac, = % x 0-054 = 0-0205.

0-6932
ty, for B -emission = 00205 33-8 h.
Similarly we can calculate, t,, for f™-emission =67-6 h

and t,,, for electron capture =29-85h

Ex. 68. A mixture of *’Pu and ***Pu has a specific activity of 6:0 x 10° dis/s. The

half-lives of the isotopes are 2-44 x 10* and 6-58 x 10° years, respectively. Calculate
the isotopic composition of this sample.

Solution : Specific activity means activity per gram.
06932 (6022 x 10%
2.44 x 10* 239
= 715x10" /yr/g
2:27x10” /s/g. (1 yr = 3-15x 107 s)

. . 23
Sp. activity of **Pu = { 0-6932 J(ﬁ 022 x 10 J

Sp. activity of *’Pu = AN =

6-58 x 10° 240
2:64 x 107 /yr/g =837 x10"/s/g.

Thus,
(227 x10%) x + (8-37 x10%)(1 —x) = 6:0x10° (x = fraction of **’Pu)
x = 0:39 or 39%.
Ex. 69. Consider
-a -0
ZZSTh 224Ra ZZORn
where ti ***Th) = 1913 yr, t1 (**Ra) = 3-64 d. Determine the N (Th)/N (Ra)
2 2
ratio once transient equilibrium in which t1 (parent) > t1 (daughter) or A (parent)
2 2

< A (daughter) has been established.

Solution : We have,
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N] }\'2 B }\'l E o
N, B M ' o
Now,
jy = 20932 00982 g0 g g
), 1913 %365
2
0698206952 1500 g
(t), 364
Thus,
N (Th) 0-1900 —9-927 x 107* = 190
N (Ra) 9927 x 107 |
Ex. 70. Consider
—es -

24p., 20R4 216p,,
where t1 (Ra) = 3-64 yr, t1 (Rn) =55 s. Determine the N (Ra)/N (Rn) ratio once
2 2

secular equilibrium in which t1 (parent) >> t1 (daughter) or A (parent) << A
2 2
(daughter) has been established.

Solution : We have,
Ny A

N, = }»— ... (Eqn. 32)
1
Now,
- 0-6932 _ 0-6932  220x10° &
(t1), 3-64 x 60 X 60
2
A = 0-6932 _ 0-6932 126102 &
(1), 55
2
Thus,
) -2
NRa) _ 126x107 _
NRn)  220x10°
PROBLEMS

(Answers bracketed with questions)

1. Using Bohr theory, calculate the radii of the first and the tenth orbits in the
hydrogen atom. (r,=053%x10"%cm, r10=053%x10"% cm)

[Hint: See examples 1 and 2.]
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11.
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. Calculate the velocities of the electron in the first and the tenth orbits of the

hydrogen atom. (v, =21:9 x 107 cm/s)

. Calculate the energy in calories required to produce, from neutral He atoms, 1 mole

of (a) He" ions (b) “‘He ™" ions using Bohr’s equations. [(b) 1,821000 cal]

. Calculate the energy in eV required to ionise 1 mole of hydrogen.

[Hint: See Ex. 8.] (8189 x 10™ eV)

. Calculate the frequency of the spectral line when an electron from the fifth orbit

jumps to the second orbit in a hydrogen atom. (R = 109737 cm™") (6.91 x 10"

. Find (i) the total number of neutrons (ii) the total mass of neutrons in 7 mg of “C.

(Assume the mass of a neutron = mass of a hydrogen atom)
[(i) 24-08 x 10% (ii) 4 mg]

. Calculate the wave number and frequency of radiation having wavelength 5800 A.

(172400 cm ™", 5172 x 10" cycles s~ ')

. What total amount of energy in calories would be required to shift all the electrons from

the first Bohr orbit to the sixth Bohr orbit in 1 mole of hydrogen?
Through what distance would each electron have to move?

What frequency of radiation would be emitted if the electrons returned to their
initial state? (304800 calories)

. The ionisation energy of hydrogen atom is 13-6 eV. What will be the ionisation

energy of He™ and Li*" ions? (544 eV, 1224 eV)

Calculate the frequency, energy and wavelength of the radiation corresponding to
the spectral line of lowest frequency in Lyman series in the spectra of hydrogen

atom. Also, calculate the energy for the corresponding line in the spectra of Li%*
(Ryy =1-09678x 10" m™, c=3x10°m/s, h=6:625x10""]-s)

(2176 x 107 "], 1.958 x 10~ J)
Considering the shape of a Ca nucleus like a sphere, calculate the density of the

nucleus of Ca of mass number 40. (1-8x10" g cm™d)

For He® and Li*", the energies are related to the quantum number, #, through an
expression

where Z is the atomic number of species and B = 2-179 x 107" 7.

(a) What is the energy of the lowest level (n=1) of a He" ion?

(b) What is the energy of the level n=3 of a Li** ion? () 8716 x 10~
(b)2:179x 10~

The line at 434 nm in the Balmer series of the hydrogen spectrum corresponds to

a transition of an electron from the n™ to second Bohr orbit. What is the value
of n? (n=5)
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[Hint: v=32881x10" s (% - lzﬂ
2" n
What change in molar energy in joule would be associated with an atomic transition

giving rise to radiation at 1 Hz? (h=6-626 x10"*J-s)  (399x10~'°J-mol "
[Hint: 1 Hz = s~ ', AE=Nhv and v=1]

Calculate the uncertainty in the position of a particle when the uncertainty in the
momentum is zero. (o)

Calculate the uncertainty in the velocity of a wagon of mass 2000 kg, whose
position is known to an accuracy of + 10 metre. (525%10"" ms™Y

Calculate the uncertainty in velocity of an electron when the uncertainty in position
is 0-1 nm. (5786x10° ms™!)

For the gaseous reaction K+F — K*+F~, AH was calculated to be 19 kcal under
conditions where the cations and anions were prevented by electrostatic separation
from combining with each other. The ionisation potential of K is 4-3 eV. Find
electron affinity of F. (347 eV)

[Hint: See Ex. 27]
The prominent yellow line in the spectrum of sodium vapour lamp has a

wavelength of 590 nm. What minimum accelerating potential is needed to excite
this line in an electron tube containing sodium vapour.

(h=663x10"*]-s, c=3x10°m/s) (211 V)

[Hint: 1eV=1-602x10""], E :%

and 1 eV = energy of 1 electron being accelerated by 1 volt.]

If the energy difference between the ground state of an atom and its excited state

is 4-4x10™ "], what is the wavelength of the photon required to produce this
transition? (45% 1077 m)

he
Hint: A =—
[Hint: A AE]

A body weighing 3-0 x 10° kg is moving and its speed can be measured with an
accuracy of +0-0025 mile per hour and its position with an accuracy of + 0-01 mile.
Is the uncertainty principle valid? (No)

An electron is accelerated by applying potential difference of 1000 eV. What is the
de Broglie’s wavelength associated with it? 1eV =16 x 10" erg.
(h=6627x107 erg s, m,=91x10 " g) (3:87x10” em)

A large object weighing 1-0 x 10° kg is moving with a velocity of 50 km per hour.
Does it have a wave motion? (A is very low hence no)

Is it possible to locate the electron within 0-005 nm? (Use the standard values of
h and m.) (not possible)
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[Hint: Av would be nearly as large as the velocity of light.]

Assume that 1077 J of light energy is needed by the interior of the human eye to
see an object. How many photons of green light (A =495 nm) are needed to
generate this minimum energy? (25)

How are a 1s orbital and a 2s orbital in an atom similar? How do they differ?
How are a 2p, orbital and a 2p, orbital in an atom similar? How do they differ?
(read text)

What is the maximum number of electrons in an atom in which the last electron,
filled, has the following quantum numbers?
(@yn=3 (b)n=3,and =1 (c)n=3,I=1and m=-1

(d)n=31=1,m=-1and s =+% [(a) 30, (b) 18 (c) 16 (d) 13]
Which of the following equations describe(s) particle-like behaviour? Which

describe(s) wavelike behaviour? Do any involve both types of behaviour?
C=yn () E=md ) B A=t
@C=vh B E=mé ©y=—' @E=hy (€)r=-">

[Wavelike: (a) & (d), particle-like: (b) & (c), Both: (e)]

The quantum numbers listed below are for four different electrons in the same
atom. Arrange them in order of increasing energy. Indicate whether any two have
the same energy.

(@) n=4,1=0,m=0 and s=+%
(b)yn=3,1=2,m=+1 and s=+
(c)n=3,1=2,m=-2and s=—

(d)n=3,I=1,m=+1 and s=—

N~ NP -

[(d) < (a) < (b) = (9)]

When compounds of barium are heated in a flame, green light of wavelength
554 nm is emitted. How much energy is lost when one mole of barium atoms each
emit one photon of this wavelength? (216 kJ)

What is the energy in ] evolved when 1 mole of He-4 nuclei is produced from protons
and neutrons? How many litres of C,H(g) at 25°C and 725 mmHg are needed to
evolve the same quantity of energy when C,H; is burnt in O,? (neutron = 1.008867 amu,
proton = 1-00728 amu, He =4-0015 amu, AH__, (C,H,) =-1427-81 kJ/mol)

(2:732x 107 ], 49x 10" L)

A 1.0-mg sample of Tc-99 has an activity of 1.7 x 10~° curie, decaying by B-emission.
Calculate the decay constant. (1-0x 107" s™

Tritium, }H is a radioactive nucleus of hydrogen. It is used in luminous watch
dials. Tritium decays by B-emission with t,, =12.3 years. What is the activity in
curie of a sample containing 2-5ug of trittum? The atomic mass of tritium is
3:02 amu. (0-024 Ci)
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Predict the type of radioactive decay process that is likely for each of the following

nuclides.
@7QU B (0)5%Cu [(a) o (b) B* or K—capture (c) B emission]

If 28-0% of a sample of Ag-112 decays in 1-52 h, what is the half-life of this isotope?
(321 h)

zgéTh disintegrates to ;Pb by emitting six a- and four B-particles. Find x and y.

(208, 82)
The uranium (mass no. 238 and at. no. 92) emits an a-particle, the product has
the mass no. and at. no.:

(a) 236 and 92 (b) 234 and 90  (c) 238 and 90 (d) 236 and 90 [b]
To which series will the following elements belong?
TooLr, gEs, sAm @n+1, 4n+2, 4n+3)

A sample of carbon from an ancient frame gives 7 counts of “C per minute per
gram of carbon. If freshly cut wood gives 15-3 counts of '“C per minute per gram,
what is the age of the frame? (Half-life period of “C = 5770 years)

[Hint: N°=153, N=7 ] (6520 years)

Calculate the number of atoms disintegrating per minute in a mass of 0-001g of
radium which is an o-emitter with a half-life period of 1620 years. (2116 x 109)

In a sample of pitchblende the atomic ratio is “Pb : ¥ =023 1. Calculate the
age of the mineral, if half-life of uranium is taken as 4-5x 10’ years. All lead
originated from uranium. (134 x 10’ years)

A sample of radon emitted initially 7 x 10* o-particles per second. After some time,
the emission rate became 2.1 x 10, If t1 for radon is 3-8 days, find the age of the
2

sample. (6:6 days)
*Rn has a half-life period of 3-83 days. What fraction of the sample will remain
undecomposed at the end of 10 days? (0-164)
The number of o-particles emitted per second by 1 g of radium is 3-608 x 10".
Calculate decay constant and #1.
: {1~35><10_“ sl}
513x 10" s

The rate of radioactive decomposition corresponding to 3.7 x 10 disintegration
per second is called a curie. What weight of Ra, whose t1=1620 yr, will be
2

required to yield 1 millicurie of radiation? 1x 1073 g)

Calculate the weight of 'C [t1=5720 yr] atoms which will give 3-70 x 107
2

disintegrations per second (dps). (0-2234 mg)
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Calculate the number of disintegrations which 1 g of **Ra (tl =1600 yr) would
2
undergo per second. What quantity of Na™ (tl =15 hoursj would undergo the same
2

no. of disintegrations per second. (3658 x 10%° dps, 137 x 1077 g)

A piece of wood was found to have “C/"*C ratio 0.7 times that in a living plant.

Calculate the period (in years) when the plant died.

[tl for C** = 5760 yr] (2964 yr)
2

10-0 gram-atom of an a-active radioisotope is disintegrating in a sealed container.
In one hour, the He gas collected at STP is 11-2 litres. Calculate the half-life of the
isotope supposing each nucleus yielding one He atom. (13-49 h)

The disintegration rate for a sample containing gg Co as the only radioactive nuclide,

is found to be 240 atoms/minute. f1 of Co is 5-2 years. Find the number of atoms
2

of Co in the sample. How long must this radioactive sample be maintained before
the rate falls to 100 disintegrations/minute. (96 x 10°, 66 years)

Sample containing Zgé Ra, which decays by a-particle emission, is observed to
disintegrate at the following rate expressed as counts per minute (cpm). Calculate
half-life of this nuclide. t=0, 1000 cpm; t=1 h, 992 cpm; t=10 h, 924 cpm;
t =100 h, 452 cpm; t =250 h, 138 cpm. (363 days)

The thorium radioactive decay series produces one atom of “*Pb as the final

disintegration product of an atom of **Th. t1 of **Th is 1-39 x 10" years. A certain
)
rock is found to have a mass ratio of “*Pb and *’Th as -14 : 1. Determine the age

of the rock. (297 x 10’ years)

The ratio of the number of atoms of two radioactive elements A and B, in

equilibrium with each other, is 3-1x 10°: 1. If t1 of element B is 6-45 yrs, calculate
2
that of element A. (2x10")

Which nucleus has higher binding energy per nucleon : ggNi (57941 amu) or
»Mn (54939 amu)? Mass of neutron is 1-00867 amu and that of proton is

1:00728 amu. (Ni)

For *5U the binding energy per nucleon is 7-576 MeV. What is the atomic weight of

this isotope? Use the mass of neutron and proton from Ex. 60.
[Hint: See Ex. 60] (239:93 amu)
The atomic masses of He and Ne are 4 and 20 respectively. The value of de Broglie

wavelength of He gas at —73°C is M times that of the de Broglie wavelength of
Ne at 727°C. M is ... . (IIT 2013 Adv.) (5)
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h
Hint: Equation 15, A = —=
[Hint: Equation SiE

h
As EocT, Ao
SEel e ot ]

In an atom the total number of electrons having quantum numbers n=4,

1.
Im.| =1and m,=-71is ... (IIT 2014 Adv.) (6)

The periodic table consists of 18 groups. An isotope of Cu, on bombardment with protons
undergoes a nuclear reaction yielding element, X as shown below. To which group
element X belongs to in the periodic table?

SCu+ H—- 6 +aa+2 H+X (IIT 2012) (8th)
[Hint: X is iéX, atomic no. = 26. Transition metal Fe(452 3dG)]
A closed vessel with rigid walls contains 1 mole of U and 1 mole of air at 298 K.

Considering complete decay of U to “gPb, the ratio of the final pressure to the initial
pressure of the system at 298 K is ... . (IIT 2015 Adv.) (9)

. 238 206 4 0
[Hint: ;U — “oP+8 He+6 e

Pial 8(He) + 1 (air)
Ppa  1(air)

]

Objective Problems

. The frequency of a green light is 6 x 10" Hz. Its wavelength is
(a) 500 nm (b) 5 nm
(c) 5000 nm (d) none of these

Hint: 1 nm = 10~° m]
[

. The ratio of energy of a photon of 2000 A wavelength radiation to that of
4000 A radiation is
(a) 1/4 (b) 4 (c)1/2 (d) 2

. The values of charge on the oil droplets experimentally observed were

—16x107", —24%x107" and —4x10"" coulomb. The value of the electronic
charge, indicated by these results is

(@-16x10""  (b)-24x10"" () -4x10"" (d) -0-8x10~"
[Hint: Find the highest common factor.]

. Which of the following statements is/are correct?

(a) A photon is a positively charged nuclear particle.
(b) A photon is a particle of light energy.
(c) A photon is a quantum of light.

(d) A photon is a bundle of energy of definite magnitudes but not necessarily
light energy.
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. For which of the following species, Bohr theory does not apply?
(@ H by H* (c) He™ (d) Li**

. The radius of the first Bohr orbit of hydrogen atom is r. The radius of the 3rd
orbit would be
(a) 3r (b) 9r (c) 27r (d) none of these

. The electronic velocity in the fourth Bohr orbit of hydrogen is v. The velocity of
the electron in the first orbit would be
(a) 4v (b) 160 (c) v/4 (d) v/16

. The ionisation potential of hydrogen atom is 13-6 eV. The energy required to
remove an electron in the 1 = 2 state of hydrogen atom is
(a) 272 eV (b) 13-6 eV (c) 6:8 eV (d) 34 eV.

. The energy of the second Bohr orbit in the hydrogen atom is — 3-41 eV. The energy
of the second Bohr orbit of He " ion would be
(a) —0-85 eV (b) —13-64 eV (c) =170 eV (d) —6-82
The ratio of the radii of the first three Bohr orbits is
(a)1:5:33 (b)y1:2:3 (c)1:4:9 (d)1:8:27
The ratio of the difference in energy between the first and second Bohr orbits to

that between the second and third Bohr orbit is

() 1/2 (b) 1/3 (c) 4/9 (d) 27/5

For [ =3, which value of m is not possible?

(a) 4 (b) 0 (-3 (d) -1

The designation of an orbital with n=4 and /=1, is

(a) 4d (b) 4s (c) 4f (d) 4p

Which of the following orbitals is meaningless?

(a) of (b) 2d (c) 7s (d) 3d

Which of the following sets of quantum numbers is possible for an electron in a
4f orbital

(a)n:4,l:2,m:2,s=+% (b)n:4,l:4,m:+4,s:+%
(c)n=4,l=3,m=+1,s=—% (d)n=4,l=3,m:4,s=+%

The maximum number of electrons in an atom with quantum numbers
n=3,1=21is

(a) 2 (b) 6 (c) 10 (d) 30

The number of orbitals in n =3 are

(@) 1 (b) 4 (©9 (d) 16

If the nitrogen atom had electronic configuration 1s’, it would have energy lower

than that of the normal ground state configuration 1s, 2522;73, because the electrons
would be closer to the nucleus. Yet, 15’ is not observed because it violates

(a) Heisenberg uncertainty principle

(b) Hund rule

(c) Pauli exclusion principle

(d) Bohr postulate of stationary orbits (IIT 2002)
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Rutherford’s experiment, which establishes the nuclear model of the atom, used a
beam of

(a) B-particles, which impinged on a metal foil and got absorbed

(b) y-rays, which impinged on a metal foil and ejected electrons

(c) helium atoms, which impinged on a metal foil and got scattered

(d) helium nuclei, which impinged on a metal foil and got scattered  (IIT 2002)

Total number of nodal planes are same in
(a) 3s, 4d (b) 4s, 3p (c) 5s,4d (d) 4s,4p
The number of waves made by an electron moving in an orbit having maximum

quantum number (m) +3 is

(@3 (b) 4 (©5 d) 6
[Hint: / =3 and n =4]

The electronic transition from n=2 to n=1 will produce shortest wavelength in
(a) Li** (b) He" (0 H (d) H
The first emission line of Balmer series in He'-spectrum has the wave no. in
cm™ equal to (R-Rydberg constant)

3R 20R 5R R
@ ®) 5 © 3¢ @<

If the radius of first Bohr orbit is r, the wavelength of an electron in the third orbit
of a hydrogen atom is equal to

(a) 6mr (b) 2mr (c) 9mr (d) 3r
If the shortest A of hydrogen atom in Lyman series is x, the longest A in Balmer
series of He" is
x 5x 6x 9x
@7 b) 35 © 5 @ 5

Consider a large number of hydrogen atoms with electrons randomly distributed
inthe n =1, 2, 3, and 4 orbits. How many different wavelengths of light are emitted
by these atoms as the electrons fall into lower energy orbits.

(@)1 (b) 3 ©) 6 @9

How many times larger is a hydrogen atom than the radius of an H atom in its
ground state if the H atom with an electron characterised by a quantum number
of 106?

(a) 106 (b) 212 (c) 11236 (d) none of these

Which is larger, an He' ion with an electron in an orbit with =3 or an Li*" ion
with an electron in an orbit with n=5?

(a) He" (b) Li* (c) both equal
Which of the following sets of quantum numbers is permissible for an electron in
an atom?

1 1
(a)n:l,l:l,m:O,s:+E (b)n:3,l:1,m:—2,s:—5
(c)n=2,l=1,m=0,s=+l (d)n=2,1=0,m=0,s=1

2



30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Atomic Structure and Radioactivity 299

Number of stable isotopes is least when the number of neutrons and that of protons
in the isotopes are respectively

(a) odd and odd (b) even and odd

(c) odd and even (d) even and even

. A radioactive nuclide generally disintegrates by o-emission when its N/P ratio is

(a) less than 1 (b) equal to one (c) equal to 12 (d) greater than 1.5

¥ X atom is isotone to ;Y atom. The value of x is
(a) 8 (b) 16 ©9 (d) 17
If 5 g of a radioactive substance has a 1 = 14 h, 20 g of the same substance will
2
have a t1 equal to
2
(a) 56 h (b) 35 h ()14 h (d) 28 h
The designations of a proton and neutron are 1H and (l)n respectively. Are the
two particles of equal mass?
(@) Yes, both proton and neutron have the same mass, i.e.,, 1 amu.

(b) No, mass numbers reflect actual masses only to the nearest amu. The precise
masses of proton and neutron are 1.0072765 and 1-008665 amu.

The nuclides j5Ar and })K are
(a) isotopes (b) isobars (c) isotones (d) none of these
Which of the following nuclides are isobars?

(a) ¥Sc and 2S¢ (b) #%Ar and 2S¢ (c) Ar and K (d) none of these
To what stable isotope would IZSZLr decay?
(a) 5Pb (b) 22Bi (c) 2Pb (d) 27Pb

[Hint: >7Lr belongs to (4n + 1) series]

The half-life of a radioactive isotope is 1-5 hours. The mass of it that remains
undecayed after 6 hours is (if the initial mass of the isotope was 32 g)
(@32 (b) 16 g ©4g (d2g

The radioactivity due to C-14 isotope (t; = 6000 yr) of a sample of wood from an
2

ancient tomb was found to be nearly half that of fresh wood; the tomb is, therefore,
about

(a) 3000 years old (b) 6000 years old
(c) 9000 years old (d) 12000 years old
The half-life period of a radioactive nuclide is 3 hours. In 9 hours its activity will

be reduced by a factor of
(@) 1/9 (b) 1/8 () 1/27 (d) 1/6

[Hint: Cal. N/N°|
If 3/4 quantity of a radioactive element disintegrates in two hours, its half-life

would be
(a) 1 hour (b) 45 m (c) 30 m (d) 15 m
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A sample of rock from moon contains equal number of atoms of uranium and
lead [tl for U=45x10 yearsj . The age of the rock would be
2

(a) 45x10° years (b) 9% 10° years
(c) 135x10” years (d) 225 x 10’ years
A radioactive isotope having a half-life of 3 days was received after 12 days. It

was found that there were 3 g of the isotope in the container. The initial weight
of the isotope when packed was
@12g (b) 24 g ()36 g (d)48 g

1f N’ is the initial number of nuclei, number of nuclei remaining undecayed at the
end of n™ half-life is

(@) 27" N° (b) 2"N° () n >N’ (d) ”* N°
A radioactive substance is decaying with t1 =30 days. On being separated into
2

two fractions, one of the fractions, immediately after separation, decays with
t,;,=2 days. The other fraction, immediately after separation, would show

(a) constant activity (b) increasing activity
(c) decay with ¢, , = 30 days (d) decay with t,,, =28 days
A radioactive substance has a constant activity of 2000 disintegrations/minute.

The material is separated into two fractions, one of which has an initial activity
of 1000 disintegrations per minute while the other fraction decays with f1 = 24
2

hours. The total activity in both samples after 48 hours of separation is
(a) 1500 (b) 1000 (c) 1250 (d) 2000

The orbital angular momentum of an electron in 2 s orbital is

1 h h h
(a) +E . E (b) Zero (C) % (d) \/EE
[Hint: L = \[(+1) 2]
2n

For a d-electron, the orbital angular momentum is

(a) V6 7 by \2 # (o) 7 (d) 2%
[Hint: L =~NI(+1)%;1=0,1,2,..;%= %; #i is called Dirac h]

(IIT 1997)
7Al is a stable isotope. 2Al is expected to disintegrate by
(a) o-emission (b) B-emission
(c) positron emission (d) proton emission (IIT 1996)
Which of the following relates to light both as wave motion as well as particle?
(a) Diffraction and interference (b) Photoelectric effect
(c) E = mc® (d) E = hv
The kinetic energy of an electron in the second Bohr orbit of a hydrogen atom is
(a, is Bohr radius)
" " " W
a) —— b) —— Q) —— d) ——
@ 4m’ma;, ®) 16m°ma;, © 32’ maj, @ 64n’ma;,
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h h
[Hint: mor = n , mo= I and
2n 2nr
1, wm n’h 1
KE —271121 =om or E_41'r2r2>< o
use r=n’a (a,=r,)] (IIT 2012)

Energy of an electron is given by
ZZ
E=-2178x 1018](2] :

The wavelength of light required to excite an electron in a hydrogen atom from
level n=1ton=2 will be (h=6.62x10*Js,C=3.0x10* ms™)

(@) 1.214x 107" m (b) 2816 x 107 m

() 6560 x 107 m (d) 8.500%x 107 m (IIT 2013 Main)

The first ionisation potential of Na is 5.1 eV. The value of electron gain enthalpy
of Na" will be

(a) —2.55 eV (b) -5.1 eV
(c) -10.2 eV (d) +2.55 eV (IIT 2013 Main)
The correct set of four quantum numbers for the valence electrons of rubidium
atom (Z=37) is

1 1
@5,0,0,+5 (®)5 1,0, +5

1 1 .
©5 1,1 +5 50,1 +3 (IIT 2015 Main)

[Hint: Valence electron is 5 S']

Which of the following is the energy of a possible excited state of hydrogen?
(a) +13.6 eV (b) -6.8 eV
(c) -3.4 eV (d) +6.8 eV (IIT 2015 Main)

A stream of electrons from a heated filament was passed between two charged
plates kept at a potential difference V' esu. If e and m are charge and mass of an
electron respectively then the value of 11/A (where A is wavelength associated with
electron wave) is given by

(@) 2 m eV (b) Vm eV
(c) V2m eV (d) m eV (IIT 2016 Main)

[Hint: See equation 15.]

Which of the following atoms has the highest first ionisation energy?
(a) Na (b) K
(c) Sc (d) Rb (IIT 2016 Main)

P is the probability of finding the 1s electron of hydrogen atom in a spherical
shell of infinitesimal thickness, dr at a distance, r from the nucleus. The volume

of this shell is 4m/’dr. The qualitative sketch of the dependence of P on r is
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59.

60.

61.
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(a) (b)
P P
T r
() (d)
P P
r r (IIT 2016 Adv.)

[Hint: See Mod. App. to Phy. Chemistry, Vol. II, Ch. 1]

The radius of second Bohr orbit for hydrogen atom is (h=6.6262 x 107 Js, mass

of electron =9.1091 x 10" kg, charge ¢ =1.60210 x 10™"

€,=8854185x 10 2 kg m™ A%
(a) 1.65 A (b) 4.76 A
() 0.529 A (d) 2.12 A (IIT 2017 Main)

C, permitivity of vacuum,

2,2
0

e n'h R 0
[Hint: r=———, 1A=10 "m]
Tme’z

The group having isoelectronic species is
(a) O", F, Na’, Mg™ (b) O, F, Na, Mg*
(c) O™, F, Na, Mg™* (d) O, F,Na', Mg™ (IIT 2017 Main)

The wave function v, [, m, is a mathematical function whose value depends upon
spherical polar coordinates (r,0,¢) of the electron and characterised by the
quantum number 7, [ and m,. Here r is distance from nucleus, 6 is colatitude and

¢ is azimuth. In mathematical functions given in the table, Z is atomic number

and a, is Bohr radius.

Column 1 Column 2 Column 3
3/2 (P)
. z —(zr/a,,
(1) 1s orbital | W _ oc[a—] e o
nimy 0
Ynimg
o
r
Er
(2) 2's orbital (ii) One radial node (Q) Probability density at nucleus
1
o

@
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52
z —(27/a, s . .
(3) 2 pz orbital |(iii) Vo 0‘[_} re“™cos 0 (R) Probability density is max. at

Ao
nucleus.

(4) 3d} orbital  |(iv) X-Y plane is a nodal plane |(S) Energy needed to excite

electron from n =2 state to n=4
state is 27/32 times the energy
needed to excite electron from

62.

63.

64.

65.

n=2ton=6.
For He' ion the only incorrect combination is
(a) (1) () (5) (b) (2) () (Q
(o) (1) (iii) (R) (d) (1) (@) R) (IIT 2017 Adv.)

[Hint: For Q. 61, 62 and 63, read
Mod. App. to Physical Chemistry Vol. 2, Ch. 1]

Refer to Q. 61. For the given orbital in column 1, the only correct combination for
any hydrogen like species is

@ @) @) () (b) (1) (i) (5)

(c) 4) (iv) (R) (d) (3) (ii) (P) (IIT 2017 Adv.)
Refer to Q. 61. For hydrogen atom, the only correct combination is

@ @) @) (P) (b) (1) (iv) (R)

(0) 2) () (Q (d) (1) @) (5) (IIT 2017 Adv.)
Bombardment of Al by a-particles leads to artificial disintegration in two ways

(i) and (ii) as shown. Products are respectively X, Y and Z.

13 15
(i)
Nsiex Nsivz
(a) proton, neutron, positron (b) neutron, positron, proton
(c) proton, positron, neutron (d) positron, proton, neutron  (IIT 2011)

[Hint : neutron- }1; proton—;p; positron— e |
In the nuclear transmutation
JBe+X — ‘Be+Y

(X, Y) is (are)

(@) (v, m (b) (b, D)
(c) (n, D) d o, p) (IIT 2013 Adv.)

[Hint: jBe +;X — 3Be+5Y
4+b=4+d  gamma—y
9+a=8+C, deutorium->D

proton—p ]
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66. A plot of the number of neutrons(n) against the number of protons(p) of stable
nuclei exhibits upward deviation from linearily for atomic number, Z >20. For
an unstable nucleus having n/p ratio less than 1, the possible mode(s) of decay

is(are),
(a) B -decay (B-emission) (b) orbital and K-electron capture
(c) neutron emission (d) B-decay (positron emission)

(IIT 2016 Adv.)
[Hint: See text.]

67. Ejection of the photoelectron from metal in the photoelectric effect experiment can
be stopped by applying 0.5 V when the radiation of 250 nm is used. The work
function of the metal is ... .

(a) 4.5 eV (b) 5 eV (c) 5.5 eV (d) 4 eV

[Hint: 1 eV = 1.602 x 10" J, energy to slop PEE = 0.5 eV

h
ﬁ (eV)=0.5eV + work function]
.602 x

Answers

1-a, 2-d, 3-d, 4-b,c, 5-b, 6-b, 7-a, 8-d, 9-b, 10-c, 11-d, 12-a 13-d, 14-b, 15-c,
16-d, 17-c, 18-, 19-d, 20-d, 21-b, 22-a, 23-b, 24-a, 25-d, 26-c, 27-c, 28-b,
29-c, 30-a, 31-d, 32-b, 33-c, 34-b, 35-c, 36-b, 37-b, 38-d, 39-b, 40-b, 41-a,
42-a, 43-d, 44-a, 45-b, 46-d, 47-b, 48-a, 49-b, 50-d, 51-c, 52-a, 53-b, 54-a,
55-c, 56-c, 57-c, 58-c, 59-d, 60-a, 61-c, 62-a, 63-d, 64-a, 65-a, b, 66-b, d,
67-a.

Q



CHAPTER TWELVE
PROPERTIES OF GASES

The Ideal Gas Laws

1. Avogadro’s Law
One mole of any substance contains the Avogadro constant (6:022 x 10%) of
molecules. It was Avogadro who discovered the law of nature for gases. This

law is known as Avogadro’s law, which states:

The volumes of the same number of moles of all gases measured at constant
temperature and pressure are the same. That is, at the same temperature and pressure
equal volumes of all gases contain equal number of moles or molecules.

Mathematically, at constant temperature and pressure:

Volume o« Number of moles

Volume = K x number of moles
Thus, for the same value of number of moles at constant temperature

and pressure the proportionality constant, K will be a universal constant for
all gases. When temperature and pressure are taken as 0°C and 1 atm

respectively, K for 1 mole of the gas then represents the standard molar

volume which is equal to 22-4 litres per mole or 224 x 10 ~ > metre’ mole™ " (SI).

2. Boyle’s Law

For a gas at constant temperature the pressure is inversely proportional to the volume,
provided number of moles (1) of the gas does not change during the experiment.
1
P pV = constant .. (1)

pVi=p,V, (T and n are constant)

Boyle’s law can be expressed graphically in various ways:

305
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Log p pV

Log V p

3. Charles’s Law

The volume, for a given number of moles of a gas, is directly proportional to its
absolute temperature if the pressure is held constant.

VeT
|4
T= constant ... (2
ViV d tant
TI_TZ (p and n are constant)
\T/ Pressure is constant

Kelvin scale=
centigrade scale+273

~273 0 C T—
0 273 K

From the graph we see that the volume of the gas should be
(hypothetically) zero at —273°C or 0 K and this temperature is called absolute
zero of temperature as any temperature lower than this will respond to a
negative volume of the gas. At absolute zero, the kinetic energy is zero, the
molecular motion is zero or the heat in the gas is zero. It is therefore
impossible to cool the gas below absolute zero, since there is now no heat left
to remove from the gas.

The volume of a gas increases or decreases by 1/273 of its original value per
degree rise or fall in temperature respectively. If the temperature is raised from 0°C
to 273°C, the increase in volume will, therefore, be 273/273 of its 0°C volume and
so for a rise in temperature from 0°C to 273°C, the volume doubles.

4. Ideal Gas Equation of State

Combining the Boyle’s and Charles’s law, we get the ideal gas equation of
state.

pV =nRT ... (3a)

For 1 mole, n=1
pv:
T

* The molar volume, V, is also denoted by V.

= R = constant




Properties of Gases 307

The constant R is known as universal gas constant.

piVi o paVs )
T, T,

(n is constant) .. 3 Db)

If R is divided by Avogadro constant, we get another constant, called

Boltzmann constant, k[:%)/ which is defined as the gas constant per

molecule.
Further, if W, M and d represent weight in grams, molecular weight and
density of a gas respectively, we get,

_RT_W RT_dRT
PRy "M VM @)

Physical Significance of R and its Values in Different Units

For 1 mole of an ideal gas:

pV _ pressure x volume
R=EL~=
T degrees

(force/area) x (area x length) force x length

degrees degrees
Thus R represents work done per degree per mole. The values of R may

be calculated in different units.
Since 1 mole of any gas at NTP (273 K and 1 atm) occupies 22-4 litres,
1x224

273
To calculate R in cgs unit,

R= =0:0821 lit-atm per degree per mole.
n=1 mole
p=1atm=76 cmHg
=76 x 13-6 x 981 dynes/cm”
V' =22400 cc
T=273K

R 76 x 13-6 x 981 x 22400
- 273

=8-314 x 107 ergs per degree per mole

=8:314 joules per degree per mole
(1 joule =1 x 107 ergs) (SI)
=1.987 = 2 calories per degree per mole.
(1 cal =4-184 x 107 ergs)

* In SI units M should be in kg/mole.
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5. Dalton’s Law of Partial Pressure

The total pressure of a mixture of gases (not reacting with each other) is equal
to the sum of partial pressures of the constituent gases at the same
temperature, that is,

p=pitprtpst..., ... (5
where p is the total pressure and p4 are the partial pressures.

The partial pressure of a constituent gas is defined as the pressure it
would exert if it alone occupied the entire volume of the vessel at the same
temperature. Partial pressure may be calculated using the formula:

partial pressure of a constituent gas

moles of constituent gas

total moles x total pressure ... (6)

partial pressure = mole fraction x total pressure.

If a gas is collected over a liquid, it must be borne in mind in calculations
that its pressure is partial which is equal to the difference between the total
pressure of the gas mixture and the partial pressure of the vapour of the
liquid.

6. Amagat’s Law of Partial Volume
The total volume of a gas mixture at a given temperature is the sum of partial
volumes of individual gases of the mixture.

V=v,+0v,+03+..., )

where V is the total volume and v, are the partial volumes.

The partial volume of a constituent gas is defined as the volume which
the particular constituent gas would occupy at the total pressure of the
mixture, temperature remaining constant. Partial volume may be calculated
using the formula:

Partial volume of a constituent gas

_moles of constituent gas
total moles

X total volume. ... (8)

The concept of partial volume is a purely mathematical one and has least
physical significance.

7. Graham’s Law of Effusion or Diffusion

When a gas is made to pass through a fine hole made in the wall of the
container under a difference of pressure, it is known as effusion. The rate of
effusion depends on the density, the temperature of the gas and the pressure
gradient.

Graham’s law states that at a constant temperature and for constant
pressure gradient the rates of effusion or diffusion of different gases are
inversely proportional to the square root of their densities.
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If r; and r, are the rates of diffusion of two gases having densities d; and
d,,

1 1
rpoc —— and ryoc ——

Ny N,

Ty d,
or — = - -
[F} d,
Since the gas densities are directly proportional to their vapour densities
and molecular weights, M; and M,,

7 (vapour density), M,
T, (vapour density), - M, ‘
Again if m; and m, are the number of moles of the two gases or t; and
t, are the time of flow for equal volume of the gases, we have,

nom v b fh L\ [M o
r2_m2_vz_t1_ dy - M,

If two gases are allowed to diffuse under the identical conditions and p;,
and p, are their pressure-drops per unit time,
't P
—=—=— (pressure o moles). ... (10)
T2 P2 My P
This law is very useful for calculating molecular weight, density, etc., of
gases. However, it should be noted that the law is true only for gases
diffusing under low pressure gradient.

8. Barometric Distribution Law
In the discussion of ideal gases it has been tacitly assumed that the pressure
of the gas has the same value everywhere in the container and is not affected
by the gravitational field. For gaseous systems of ordinary size the influence
of gravity field is negligible but for those having high value of molecular
weight, e.g., in polymers, the effect is quite pronounced, that is, the pressure
will be different in different vertical positions in a container. The pressure of
the gas decreases with increase in its height from the ground. The relationship
between the pressure and height of the gas from the ground is given by,
p=pyc Mgh/RT

where p, and p are the pressure of the gas at the ground level and at a height
‘h" from the ground respectively, M, the molecular weight and ‘g’, the
acceleration due to gravity.

Since this equation describes the distribution of pressure of the gas in the
column, it is known as Barometric distribution law or gravitational
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distribution law. It is to be noted that this equation is valid only when the
system is isothermal and at equilibrium.

As the density ‘d” is proportional to the pressure and number of molecules
per cc ‘n’ is proportional to the pressure, the above equation can be written
in the other equivalent forms.

d=dge™ Mgh/RT

and n=mnye Mgh/RT

In calculations, we generally use the logarithmic-form of the above equations:

: P _(Mgh
2-303 log [POJ = ( RT j
2-305 log [dij =- (A;I{_%hj .. (11)
0
2:303 log [nij = (AI/I{—?]
0

In applying all these equations, R, M, g and & are all expressed in cgs
units.

Pressure Derived from Kinetic Molecular Theory of Ideal Gases

If “n” molecules of a gas, the mass of each being ‘m’, are enclosed in a container
of volume V, the pressure exerted by them, derived from kinetic theory, is
given by the equation,

pV= % mnC?, ... (12)

where C is the root mean square (rms) speed.

The rms speed may be defined as the hypothetical speed which all the
molecules of the gas would possess if the total kinetic energy is equally
divided among them. For n molecules having speeds C;, C,, C, ..., C,, the rms
speed is given by the equation

\/C§+C§+C§+...+Cﬁ

n
The average speed may be given as follows:
Ci+C+...+C,

average speed = -

There is a third type of molecular speed known as ‘Most Probable Speed’
which may be defined as the speed possessed by maximum number of
molecules of a gas. These three types of speeds are closely related.

rms speed = \3p/d = V3RT/M
Average speed = \/(8/11) (p/d) = V8RT/mM
Most probable speed = V2p/d = N2RT/M
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Thus,
rms speed : average speed : most probable speed
=1:09211:0-8165

Calculation of rms Speed

We have,
pV= —mnC2
or C= 3}5: ... (12 a)
= mir;v (mn = total mass)
= %’ . ... (12 b)
For 1 mole, pV =RT, n=N (Av. const.)

_\3¥Y

€= mN
% (M* = mol. wt., i.e., mass of 1 mole) ...(12¢)
% . ... (12 d)

(Since Av. const. of molecules are contained by 1 mole)
Thus the heavier gas has smaller rms speed. Note that rms speed does

not depend on p or V.

Kinetic Energy of Gaseous Molecules

We have, pV= % mnC>.
For 1 mole of gases pV =RT, n=N (Av. const.)
RT = 1 mNC?
2 2
g mNC (mN = mass of 1 mole)
2
=3 KE of 1 mole of the gas
3
. KE of 1 mole of the gas :ERT ... (13 a)
3 R

Average KE of 1 molecule =5'N -T

* In SI unit M should be taken in kg/mole, e.g., for O,, M =0-032 kg/mole
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M| W

kT, ... (13 b)

where k is the Boltzmann constant.

The equation 13 (a) is known as Maxwell generalisation which states that at a
given temperature, the kinetic energy of a mole of every gas is the same which is
equal to 3/2 RT.

KE of a gas depends on its mass, i.e., no. of moles and temperature but
does not depend on volume or pressure.
For n moles of a gas,

KE:%nRT .. (13 ¢

Collision Frequency (n)

The number of collisions experienced by molecules per cc of a gas per second

is known as collision frequency of the gas. From kinetic consideration,
Total no. of molecules colliding per cc per second is

Z=\2mvc* N
.. Z
Collision frequency, n = 5
2\
novo N
or n=——-—, ... (14
5 (%

where v is the average velocity, ¢ is molecular diameter and N is the number
of molecules per cc.

Mean Free Path (1)

The mean free path is defined as the average distance travelled by a molecule
between two successive collisions.

average distance travelled per second

= number of collisions by a molecule per second
3 v
V2 nvo’ N
1
or A=—=75_—-
V2 ne*N

Assuming that the collision diameter, o, is independent of temperature,
the temperature and pressure dependence of the mean free path may be

obtained by substituting ideal gas law in the form: N = kPT ’
kT
A=—=—" ... (15
Vanop (15)

Thus for bimolecular collisions
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1
A oc ; ... at constant temperature
Ao T ... at constant pressure,

Viscosity of Gases

Viscosity is the internal resistance that one part of a fluid offers to the flow
of another part of the fluid. Like liquids, gases also show viscous behaviour.
For gases we assume planes at a distance of mean free path. The coefficient
of viscosity (n) is given by

2

5 (mkT)’
=, ... (16)

1667 | m
where k is the Boltzmann constant equal to R/N, ¢ and m are diameter and
mass of the molecule respectively. Reciprocal of n gives fluidity. The variation
of 6 with pressure and temperature gives the nature of intermolecular forces

n

in the gas. The unit of viscosity is poise (dyne cm™. s) in cgs and Pascal second
(Pa s) or newton second per square metre (Nsm™2) in SI units.

Viscosity of gases, unlike for liquids, increases with increasing
temperature and is independent of pressure.

Molar Heat Capacity of Ideal Gases
Specific heat capacity of a substance is defined as the amount of heat required
to raise the temperature of 1 g of substance through 1°C, the unit of specific
heat is calorie. 1 cal is defined as the amount of heat required to raise the
temperature of 1 g of water through 1°C.

Molar heat capacity is defined as the amount of heat required to raise
the temperature of 1 mole of a gas through 1°C. Thus:

Molar heat capacity = sp. heat x molecular wt. of the gas.

For gases there are two values of molar heats, viz., molar heat at constant
pressure and molar heat at constant volume, respectively denoted by C, and
C,. C, is greater than C, and C, - C, = R = 2 cal.

From the ratio of C, and C,, we get the idea of atomicity of a gas. For
monoatomic gas, Cp =5 cal and C, = 3 cal.

5
y=3=167.

For diatomic gas, C, =7 cal and C,= 5 cal.

For triatomic gas, Cp =8 cal and C, = 6 cal.
8
Y= 6= 1-33.

For example, y values of He, O, and CO, gases are 1-66,1-42 and 1-33
respectively.
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Real Gases: van der Waals Equation
To display the deviation of a gas from ideal behaviour clearly, the ratio of

RT
the observed molar volume, V, to the ideal molar volume V4 = ? is plotted

against pressure at constant temperature. This ratio is called the
compressibility factor, Z.

\%4 pV
2=V TRT
2
Real gas
*1 vé Ideal gas
4
oL—
p—»

For an ideal gas, Z = 1 and is independent of p and t. For a real gas,
Z#1 and depends on p and f. If Z < 1 or Z > 1, the gas is more or less
compressible compared to an ideal gas respectively. The curves for the real
gases can be explained by van der Waals equation.

When the gases do not obey ideal gas laws, we call them real gases. The
gases under high pressure and low temperature deviate from the ideal
behaviour. The ideal gas equation pV =nRT was modified by van der Waals
for real gases and the new equation, known as van der Waals equation, was
found to be quite valid under high pressure and low temperature. van der

Waals equation for ‘n” moles of the gas is,
2

9) (V- nby=nRT, ..7)

)

2
n-a .
where the factor 7z and nb are the pressure and volume correction factors

respectively introduced in pV = nRT due to intermolecular forces of attraction
and incompressible volume of gas.
a and b are the van der Waals constants, their units being atm 1it?

mole " and litre mole ™' respectively.

Since ‘b’ is four times the actual volume of the gaseous molecules,

4
b=4x Av. const. x > nr, ... (18)

where 7" is the radius of the gaseous molecule.

Amagat observed experimentally that at ordinary temperature and high
pressure, for all the gases, except H, and He, the compressibility factor, Z,
first decreases and then increases with the increase in pressure. H, and He

at ordinary temperature show only increase in Z with the increase in pressure.
However, if the temperature is kept sufficiently low, H, and He may also
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behave like other gases. The abnormal behaviour of H, and He at ordinary
temperature is because of their exceptionally small-sized molecules. It has also
been observed that even at high pressure range, a real gas may behave ideally
at a particular temperature. This temperature is called Boyle Temperature, T,
a
T,= Rb ... (19)
The Role of Intermolecular Distance in the Behaviour of Gases:
Critical State

Under the condition of ordinary temperature and pressure, the gaseous
molecules remain far away from each other and hence the intermolecular
forces and the actual volume of the molecules compared to total volume of
the gas were neglected. The gases behave ideally under this condition, that
is, the gases obey ideal gas laws.

When the temperature of the gas is quite low and pressure is quite high,
the molecules lie close to each other due to which the intermolecular forces
as well as the actual volume of the molecules compared to the total volume
of the gas could not be neglected. Under this condition, the gases do not
behave ideally and the ideal gas equation was thus modified to van der Waals
equation to explain the behaviour of nonideal or real gases.

Now if the temperature is sufficiently low and pressure is sufficiently
high, the molecules may come so close to each other that the gaseous
molecules may now condense into liquid. But it is an interesting observation
that a gas does not liquefy above a certain temperature, however high the
pressure may be. This characteristic temperature is called the critical
temperature (T,). The minimum pressure which is just sufficient to liquefy the
gas at the critical temperature is called the critical pressure (p.). The volume
occupied by 1 mole of a gas at T, and p, is called the critical volume (V).
T., p. and V. are called critical constants. The importance of critical
temperature of a gas was first discovered by Andrews. His experiments on
p-V relationship for CO, has been graphically represented below:
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The horizontal portions of the curves signify condensation of the gas into
liquid at different temperatures. The critical point ‘X’ represents critical
temperature of 31-1°C and critical pressure of 72.9 atm for CO,. Above this
critical temperature the isotherm is continuous giving no evidence of
liquefaction at all. Within the area of the boundary curve shown by dotted
lines, both the liquid and gaseous states can coexist. But outside this area
either liquid or gaseous state alone can exist and so the gas in this area may
be condensed into a liquid or vice-versa continuously. The fact that it is not
always possible to distinguish between a liquid and a gas is the principle of
continuity of state.

The values of critical constants can be obtained from van der Waals
equation in terms of the gas constants, ‘a’, ‘b’ and ‘R’.

8a
T.= 7RD .. (20)
a
= _ .o (21
Pe= 27 @1)
V.=3b .. (22)
from which 4, b and R can be obtained.
a=23p, V> ... (23)
b ve 24
=3 .. (24)
_ § pCVC
R= 3T ... (25)

But since experimentally it is hard to determine V, accurately, it would
be better if 2 and b could be obtained from p, and T, only.

27 R*T?
- ... (26)
c
,_RT.
8p.

27)

Failure of van der Waals Equation near the Critical State
The critical compressibility factor, Z., may be obtained from equation (25).

1%
Z.=" =22 0.375. ... (25)

If the van der Waals equation is obeyed by the gases at their critical
points then the critical compressibility factor, Z., should be equal to 0.375 for
every gas but the experimental values of Z, generally disagree and the
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difference between the two values varies from gas to gas. It may be due to
the fact that the van der Waals equation does not adequately describe the
behaviour of the gas near the critical state.

The Law of Corresponding States
When the pressure, volume and temperature of a gas are expressed relative

to their critical pressure, volume and temperature respectively, they are called
reduced variables.

Gases having the same values of their reduced variables deviate almost
equally from ideality and thus are said to be in corresponding states. The law
of corresponding states can also be expressed mathematically

3 1) 8
[p,+?j[vr—§]=§]"r. ... (28)

r

This equation is a more general form of van der Waals equation in terms
of only reduced variables because it does not contain any gas constant like
a,b and R and thus is capable of describing all gases.

Virial Equation
This is another equation for real gases. It expresses the compressibility factor,

Z either as a function of %y or as a function of p as shown by the following
equations.

Z:Z—‘;=1+%+%+... ... (29)
2
or z=EV_q,Bp , Cp ... (30)

T RT RT) T (RTP

V is the molar volume, B and C are second and third virial coefficients
respectively.

Since the contribution from the square cube and other higher power terms
are necessarily smaller than the first two terms, the equation reduces to
pV = constant, at a temperature at which B =0. This temperature for any gas
is known as Boyle temperature (T},). The virial coefficients B and C can be
obtained as

B:b_ﬁ ... (31)

C=0. ... (32)
Now when B=0, T=T,.

a

Tb:R_b

... (19)
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Adsorption of Gases on Solids

The phenomenon of accumulation of a substance on the surface of a solid or
liquid is called adsorption. Here a gas is considered as adsorbate and a solid,
adsorbent. Forces holding the adsorbate and the adsorbent together may be
either van der Waals forces or valence forces. The former is the case of physical
adsorption and the latter, chemisorption. The process of adsorption is
accompanied with evolution of heat, low in physical adsorption and high in

chemisorption.
In case of a gas adsorbing on a solid, decrease in temperature and increase

in pressure cause in the increase of adsorbed gas on a solid. If x grams of a
gas is adsorbed per m gram of a solid, the adsorption pattern may be

represented graphically.

3|x
_|

T’I;TZ
p
X
—ocp ... at low pressure
m
Lo po at high pressure or, = =kp" (33)
kel A ghp Al

where n =1 at low pressure and n =0 at high pressure.

In other words, at lower pressure, adsorption of a gas on a solid increases
with the increase in pressure but at higher pressure further adsorption stops
as all the surface area gets covered by gas molecules.

Further, % =kp" or % =kC" (pressure e concentration)
X
or log P nlog p +log k

A plot of log% vs log p gives a straight line with a positive slope equal

to n. The above pattern is called Freundlich adsorption isotherm which was

further modified by Langmuir and Gibbs.
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In this chapter, the questions are generally asked in mixed system of
units. The students should, therefore, use the units carefully remembering
particularly cgs and SI unit combinations.

Quantity cgs SI

Time second second
Temperature kelvin kelvin
Distance cm metre

Mass g kg

Velocity cm/s m/s

Volume cm® metre’
Density g/cm’ kg/metre’
Pressure dynes/ cm? pascal (newton/ metrez)
Energy erg joule

Gas constant (R) erg/K/mole joule/K/mole

Moreover, some nonsystem units like litre for volume, atm for pressure,
calorie for energy, etc., are still in use. The value of R should be used
accordingly.

EXAMPLES

Ex. 1. A large cylinder for storing compressed gas has a volume of 1-5 ft’. If the
gas is stored under a pressure of 150 atm at 300 K, how many moles of the gas
are contained in the cylinder? What would be the weight of oxygen in such a
cylinder? (1 ft® = 28:32 litres)

Solution : pV =nRT
150 x (1-5 x 28-32)
T 00821 %300
=258-70 moles.
(R=0-0821 lit - atm/K/mole)
Weight of oxygen =moles x mol. weight ... (Rule 1, Chapter 1)

=258-70 x 32
=827840 g.

Ex. 2. 5 g of ethane are confined in a bulb of one-litre capacity. The bulb is so weak
that it will burst if the pressure exceeds 10 atm. At what temperature will the
pressure of the gas reach the bursting value?

Solution : pV =nRT
wt. of C,Hy

V= mol. wt. of C,Hy RT
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10x1x30
T 00821 x5
=730-81 K
=(730-81 — 273)°C
=457-81°C.
(R =0-0821 lit - atm/K/mole)

Ex. 3. A gas cylinder containing cooking gas can withstand a pressure of 14-9 atm.
The pressure gauge of cylinder indicates 12 atm at 27°C. Due to sudden fire
in the building, its temperature starts rising. At what temperature the cylinder
will explode?

Solution : Suppose the cylinder will burst at T, K.
When the pressure will increase from 12 atm to 149 atm we have,
Vi .V, pp =12 atm, T, = (27 + 273)
T, T, p,=149 atm, T,=?
Here V, =V, as the volume does not change
p. Ty 149%300
T 12
=372-5K.

T,

Ex. 4. How high a column of air would be necessary to cause the barometer to read
76 cmHg, if the atmosphere were of uniform density 1.2 kg/m>? The density
of Hg = 13:6 x 10° kg/m®.

Solution : Let the height of the air column be /1 metres and acceleration due
to gravity, ¢ metre s~ 2.
.. pressure corresponding to
76 cm (0-76 m) of Hg = 0-76 x (13-6 x 10°) x g
and pressure corresponding to ‘i’ metres of air=hx12xg.
Thus, hx12xg=076x13-6x10°xg
or h=8613 metres.

Ex. 5. The density of the vapour of a substance at 373K and 1-013 x 10° Pa is
2-55 g/lit. Calculate its molecular weight.

Solution : We have,
dRT
M
2-55 x 8-314 x 373 In SI units
M {d =255g/L =255 kg/ms}

... (Eqn. 4)

1.013x 10° =
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M =0-078 kg/mole
=78 g/mole.
". molecular weight =78.

Ex. 6. Oxygen is present in a one-litre flask at a pressure of 7-6 x 10™'° mmHg.
Calculate the number of oxygen molecules in the flask at 0°C.

Solution : p=7-6x10" 0 mm

=001x10"" atm (760 mm =1 atm)
T=(0+273)=273K
We have,
pV=nRT
10~ 12
00821 x273
. no. of oxygen molecules =mole x Av. const. ... (Rule 4, Chapter 1)
1012

T 00821 %273
=268 x 10"°.

001x107 % 1=1n%x00821x%x273, .. n

X 6:022 x 107

Ex. 7. A 10-cm column of air is trapped by an 8-cm-long column of Hg in a
capillary tube horizontally fixed as shown in the figure at 1 atm pressure.
Calculate the length of air column when the tube is fixed

(a) vertically with open end up
(b) vertically with open end down . GED

(c) at 45° from horizontal with the 10cm 8cm
open end up

Solution : (a) At the horizontal position of tube, air pressure is 1 atm, i.e.,
76 cmHg. If the tube is now held in different given positions at the same
temperature, the length of air column will vary. Applying Boyle’s law,
we have,

piVi=pVs
or piha=plya or ply=pl,.
Now when the tube is held vertically with open end up,
air pressure p, =76 cmHg + 8 cmHg

=84 cmHg.
L 76x1
=P _76X10 o064 m
12 84

(b) When the tube is held vertically with open end down,
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air pressure p, =76 cmHg — 8 cmHg

=68 cmHg
_Phh_76x10 _
I,= ” 3 =11-17 cm

(c) When the tube is held at 45° with the open end up, the wt. of Hg is
borne partially by the gas and partially by the glass. Vertical height of
Hg is the measure of the additional pressure on the gas. Thus vertical
helght of Hg = 8A'2 =566 cm.

P, =76+ 566 = 81-66 cmHg

76 x 10

I, =—
27 8166

=9-30 cmHg.
8. (a) An open bulb containing air at 19°C was cooled to a certain temperature

at which the number of moles of the gaseous molecules increased by 25%. What
is the final temperature?

(b) An open vessel at 27°C is heated until three-fifths of the air in it has been
expelled. Assuming the volume of the vessel remains constant, find the
temperature to which the vessel has to be heated.

Solution : (a) Suppose the volume of the bulb is V containing n moles at

19°C, i.e., 292 K.
Let the temperature be T K when n moles increases to 1-25 n (i.e., by
25%). Since 125 n moles at T K occupy a volume V/

n moles at T K should occupy %

Thus for n moles of the gas,

=292K T,=TK
|4
V = V V =
' 27125
pi=p p>=p (p, = p, as the bulb is open)
pV _ pxV/1.25
292 T
= 22 =233-6 K
125
=-39-4°C.
(b) Suppose the volume of the vessel at 27°C is V containing n moles of

the gas.
Let the vessel be heated to T K when 21/5 moles remain (as three-fifth
has been expelled).
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Since Z?H moles at T K occupy a volume V,

n moles at T K should occupy = %
Thus for n moles of the gas,
pi=p p=p (p1=p,=p as the vessel is open)
5V

V=V V=7
T,=300K T,=TK

PV _px(V2)

300 T

T=750K =477°C.

Ex. 9. A stockroom supervisor measured the contents of a partially filled 25-0 gallon
acetone drum on a day when the temperature was 18°C and atmospheric pressure
was 780 mmHg and found that 15-4 gallon of the solvent remained. After
tightly sealing the drum a student assistant dropped the drum while carrying
it upstairs to the organic laboratory. The drum was dented and its internal
volume was decreased to 20-4 gallon. What is the total pressure inside the drum
after the accident? The vapour pressure of acetone at 18°C is 400 mmHg.

Solution : At the time the drum was sealed, the pressure inside the drum,
which is equal to the sum of the pressures of air and acetone, is equal
to the atmospheric pressure. Thus,

Pair = 780 —400 = 380 mm

PV (380) (25-154)

Mole of air = RT = RT
After the accident, mole of air will remain the same.
_ nRT
Pair = 7y,
(380) x9-6 RT
T T RT C(204-154)
= 729-6 mm.
total pressure = p,i, + Pacetone
= 729-6 + 400
= 1129-6 mm.

Ex. 10. A mixture of C,Hy and C,H, occupies 40 litres at 1 atm and at 400 K.
The mixture reacts completely with 130 g of O, to produce CO, and H,O.
Assuming ideal gas behaviour, calculate the mole fractions of C,H, and C,Hg
in the mixture. (IIT 1995)
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Solution : Let the moles of C,H; and C,H,be 1, and n, respectively. Applying
ideal gas equation, pV = n RT,
1x40 = (n; + ny) x 0-0821 x 400
40

- .1
o UhHTE) = G oeaT <400 @

C,H,+C,H,+0O, —» CO,+H,0
Applying POAC for C,

2 n,;+2n, = moles of CO, ... (2)
Applying POAC for H,

6 ny +4n, = 2xmoles of H,0O ... (3)
Applying POAC for O,

2 X % = 2 xmoles of CO, + moles of H,0O .. (4
From equations (2), (3) and (4) we get,

260

7n1+6n2=§ ... 5)
Solving equations (1) and (5) we get,

n, = 0-8168

n, = 0-4012

mole fraction of C,H, = 08168 0-67.
0-8168 + 0-4012

Mole fraction of C,H, = 1-0-67 = 0-33.

Ex. 11. A bulb of unknown volume V contains an ideal gas at 1 atm pressure. This bulb
was connected to another evacuated bulb of volume 0-5 litre through a stopcock. When
the stopcock was opened the pressure at each bulb became 530 mm while the
temperature remained constant. Find V in litres.

Solution : Since, on opening the stopcock, the same number of moles of the
gas occupy a volume of (V +0-5) litre at the same temperature,
we apply Boyle’s law:

piVi=p.V,
530 530
1XV=%><(V+0~5) [p2=% atm]

V =1-152 litres.

Ex. 12. A bulb of unknown volume contained an ideal gas at 650 mm pressure. A
certain amount of gas was withdrawn and found to occupy 1-52 cc at 1 atm
pressure. The pressure of the gas remaining in the bulb was 600 mm. If all
measurements were made at a constant temperature, find the volume of the bulb.
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Solution : When a certain amount of the gas is withdrawn, the pressure

Ex.

dropped from 650 mm to 600 mm. So the pressure difference (650 — 600)
or 50 mm will be the pressure of the gas withdrawn which occupied the
bulb of volume V; cc (suppose). Since the same amount of withdrawn
gas occupied 1-52 cc at 1 atm (760 mm) pressure at the same temperature,
we can apply Boyle’s law:

piVi=pV>
50 x V; =760 x 1-52
V,=231cc.

13. The stopcock, connecting the two bulbs of volumes 5 litres and 10 litres
containing an ideal gas at 9 atm and 6 atm respectively, is opened. What is
the final pressure in the two bulbs if the temperature remained the same?

Solution : For the first bulb,

Ex.

Vi =mRT.
For the second bulb,
p.V,=n,RT.
On adding:  p,V; +p,V, = (1, + n,) RT. .. (1)

When the stopcock is opened, the total volume is (V; + V,) and total no.
of moles is (1, +n,). Suppose the equilibrium pressure at each bulb is p
atm. Then,
p(Vy+V,) = (ny +ny) RT ... (2)
From equations (1) and (2), we have,
Vit pVo=p(Vi+ V)
Given that, p; =9 atm, V, =51lit., p,=6atm, V,=10lit.
Substituting: 9 x5+ 6 x 10 =p x 15
p=7atm.

14. A large irreqularly-shaped closed tank is first evacuated and then connected
to a 50-litre cylinder containing compressed nitrogen gas. The gas pressure in
the cylinder, originally at 21-5 atm, falls to 1-55 atm after it is connected to the
evacuated tank. Calculate the volume of the tank.

Solution : Let the volume of the tank be V litres.

As the no. of moles of N, before and after connecting it to the tank will
be same,

21-5x50  1-55x (50 +V) _pv
RT  ~ RT "TRT
moles of N, before moles of N, after
connection connection

V = 6435 litres.
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Ex. 15. A spherical balloon of 21 cm diameter is to be filled up with hydrogen at
NTP from a cylinder containing the gas at 20 atmosphere at 27°C. If the cylinder
can hold 2-82 litres of water, calculate the number of balloons that can be filled

up. (IIT 1987)
. 4 4
Solution : Volume of the balloon = 3 r
4 22 3 . 21
=3%7 % (10-5)° cc [radms- 2 —10-5]
=4851 cc.

Balloon is at a temperature of 273 K and 1 atm pressure, i.e.,
pressure = 1 x 76 x 13-6 x 981 = 1014 x 10° dynes/cm”.

14
*. no. of moles of H,, the balloon can contain at NTP = f{_T

~1:014 x 10° x 4851
 8314x 107 %273
(20 x 76 x 13-6 x 981) x 2820
8314 x 107 x 300
=2-2929.
While filling the last balloon, when the pressure of the cylinder will drop
to 1 atm, gas cannot be withdrawn.

=(0-2167.

No. of moles in the cylinder =

Now, no. of moles of H, remaining in the cylinder unused
1:014 x 10° x 2820
8314 x 107 x 300

. no. of balloons that can be filled

=0-1146

no. of moles of H, in the cylinder that can be used

no. of moles of H, one balloon can contain
_2:2929 -0-1146 10
S02167

Ex. 16. Two bulbs of equal volumes connected through a stopcock, contained 0-7
mole of H, gas at 0-5atm pressure and 27°C (at the open position of the
stopcock). If the first bulb was heated to 127°C, keeping the other at the same
temperature, i.e., 27°C, what will be the final pressure and moles in each bulb?

Solution : Let the volume of each bulb be V litres.
For the two connected bulbs: p = 0-5 atm, n = 0-7 mole,
T=27+273=300K and vol. =2V.
We have, pV=nRT
0-5 (2V) =0-7 x 0-0821 x 300
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V =17-22 litres.
When one of the bulbs is maintained at 127°C, i.e., 400 K and the other
at 300 K, let the moles of H, in these bulbs be n, and n, respectlvely
. ny+n,=07 . (@D
Smce stopcock is open, the pressure in each bulb will be the same. Let
it be p atm. Thus for the bulb at 400 K,
pxV =n;x0-0821 x 400
or 1722 p=32-8 ny
or p=190n, ... (2)
And for the second bulb at 300 K,
p x 1722 = n, x 0-0821 x 300
p=142n,. ... (3)
From equations (1), (2) and (3), we get,
p=0-571 atm, n; =0-3 mole, 1, =0-4 mole.

17. Two gases in adjoining vessels were brought into contact by opening a
stopcock between them. One vessel measured 0-25 litre and contained NO at
800 torr and 220 K; the other measured 0-1 litre and contained O, at 600 torr
and 220 K. The reaction to form N,O, (solid) exhausts the limiting reactant
completely. (a) Neglecting the vapour pressure of N,O, what is the pressure of
the gas remaining at 220 K after completion of the reaction? (b) What weight
of N,O, is formed? (torr = mm)

Solution : Let us first calculate no. of moles of NO and O, before the reaction

takes place. Let 1, and 1, be the no. of moles of NO and O, respectively

in each vessel.
We have pV =nRT

800 200
For NO: 760><025 ny; X RT; M= ZeORT

600 60
For Oy 760><010 n, X RT; ny= e ORT

Since NO and O, react in 2 : 1 molar ratio
2NO + O, — N,Op
© (8 (s)
60 . .

760 RT mole of O, will react with
[762812T_ 761(312T) mole, ie., % mole of NO shall remain after the
completion of reaction. The pressure due to remaining NO can thus be
calculated as:

120
760RT mole of NO and so only

pV =unRT
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p(0-25 +0-1) =

760RT X RT; p=0-30 atm or 229 mm.

Further, we know that % mole of NO completely changed to

N,O,.

©)
. applying POAC for N atoms in NO REEN N,O,
1 xmoles of NO =2 xmoles of N,O,
120 wt. of N,O,

76ORT 2 X ) ; wt.of N,O, =402 g.

R =0-082lit - atm K~ ! mol !
T=220K ’

Ex. 18. The density of a mixture of O, and N, at NTP is 1-3 g/L. Calculate partial
pressure of O,.

Solution : Mol. wt. of the mixture = density (g/L) x molar volume (L)
=1.3x224=2912.
Now let the no. of moles of O, and N, be 1, and n, respectively.

32n, +28n,
. mol. wt. of the mixture =——
1y + 1,
32n, +28n,
—=2912
41,
m
from which, we get mole fraction of O, = =0-28.
1y + 1,
AtNTP, p=1atm.
n
.. partial pressure of O, = L x p=028x1=0-28 atm.
1y + 1y

Ex. 19. Two gases A and B having molecular weights 60 and 45 respectively are
enclosed in a vessel. The weight of A is 0-5 g and that of B is 0-2 g. The total
pressure of the mixture is 750 mm. Calculate the partial pressure of the two

gases.

Solution : Mole of A = % =0-0083.

0-20
Mole of B = B 0-0044.
Total mole = 0-0127.

Total pressure =750 mm.
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Partial pressure of B =
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moles of A
total moles

0-0083

x total pressure

2 X 750 = )
00127 X 750 = 490 mm
00042 _ o) — 260 mm.
0-0127

Ex. 20. When 2-0 g of a gas A is introduced into an evacuated flask kept at 25°C,
the pressure is found to be 1 atm. If 3 g of another gas B is then added to the
same flask, the total pressure becomes 1.5 atm. Assuming ideal gas behaviour,
calculate the ratio of molecular weights M, : Mp.

Solution : Total pressure =1-5 atm.

Ex.

2
Moles of A= M_A :
Moles of B= 3
Mg
Total moles = MLA + MiB .
) 2/My
Partial pressure of A= m x 1.5
. 3/Mg
and partial pressure of B= m x 1.5.
As given, partial pressure of A =1 atm.
Partial pressure of B=15-1=0-5atm.
2/My
——x15
Thus M+ 3/My L 2
’ 3/Mp 15 05
2/M, + 3/My
or 2 X My =2 or My = L
37 My, Mg 3

21. A long rectangular box is filled with chlorine (at. wt.: 35-45) which is known
to contain only *Cl and ¥ CL. If the box could be divided by a partition and the
two types of chlorine molecules put in the two compartments respectively,
calculate where should the partition be made if the pressure on both sides are
to be equal. Is this pressure the same as the original pressure?

Solution : Since 34-45 is the average atomic weight of *Cl (at. wt. = 35) and
I (at. wt. = 37) we have,
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35n, +37n,

ny+n,

=3545,
where 1; and 7, are the number of moles of **Cl and *ClI respectively.
=344;n,:n,=344:1.
ny
~. ratio of lengths is 3-44 : 1.
Since the pressures on both the sides of the partition is equal, the pressure

before and after partition will be same (no. of moles per unit volume
being same).

Ex. 22. A mixture of H,O vapour, CO, and N, was trapped in a glass apparatus
with a volume of 0731 mL. The pressure of the total mixture was
1.74 mmHg at 27°C. The sample was transferred to a bulb in contact with dry
ice (- 75°C) so that H,O vapour was frozen out. When the sample was returned
to the measured volume, the pressure was 1-32 mmHg. The sample was then
transferred to a bulb in contact with liquid nitrogen (=195°C) to freeze out the
CO, . In the measured volume, the pressure was 0-53 mmHg. How many moles
of each constituent are in the mixture?

Solution : Pro + Pco, + PN, = 1.74 mm

Pco, tPn, = 1-32 mm
Py, = 0-53 mm
2
Pco,=132-053 =079 mm
2
and Pro= 1.74 - 1-32 = 0-42 mm.
Number of moles of each constituent is calculated using the equation
pV =nRT.
0-42 0731
For H,0O: PH,0 = 760 —_—atm, V—Mlt
T=27+273=300K; R=0-082lit - atm/K/mole
0-42 42 0731
~60 % 1000 =np,0 % 0-082 x 300
_ -8
Mo = 1-64x107°.
Similarly,
079 0731
for COZ. % X W = nCOZ % 0-082 x 300
nco, =3-08x107°
0-53 0731
and for N,: % X W = nNz % 0-082 x 300
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_ -8
ny, =207 x10"",

23. A mixture of nitrogen and water vapours is admitted to a flask which
contains a solid drying agent. Immediately after admission, the pressure of the
flask is 760 mm. After some hours the pressure reached a steady value of
745 mm.

(a) Calculate the composition, in mole per cent, of the original mixture.

(D) If the experiment is done at 20°C and the drying agent increases in weight
by 0-15 g, what is the volume of the flask? (The volume occupied by the drying
agent may be ignored.)

Solution : (a) PN, T PHO= 760 mm

Ex.

PN, = 745 mm

Pro0= 760 — 745 =15 mm.

Mole % of N, = pressure % of N,
745
~ 760
mole % of H,O =100 - 98-03 =1-975%.
(b) Since the weight of drying agent increases by 0-15 g,
weight of H,O=0-15g.
Mol. wt. of H,O =18.
0-15

mole of H,O= ETE

% 100 = 98:03%.

15 mm = —2 at
Ppo = 1omm=7/0atm.

Applying pV =nRT in the flask of volume V litres (say)
15 0-15
g XV ="1g X 0082 (273 +20)

V =10-28 litres.

24. 2:69 g of a sample of PCl5 was placed in a 1-litre flask and completely
vaporised to a temperature of 250°C. The pressure observed at this temperature
was 1 atm. The possibility exists that some of PCls may have dissociated
according to the equation

PCls (g) = PCly(g) + Cly(g).
What are partial pressures of PCls, PCly and Cl, under these experimental
conditions?

Solution : Let us first calculate the pressure supposing PCl; does not undergo

dissociation.
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Solution : pV = nRT or
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pV =nRT
-69
px1 —ﬁXO-OSZXSZ&
[mol. wt. of PCl; =208, R =0-082 lit - atm/K/mole, T= (273 + 250) K]
p=0-553 atm.
But PCl; undergoes dissociation in the following way,
Initial moles: a (say) 0 0
PCly; = PCl; + Cl, (o= deg. of dissociation)
Moles at eqb.: a(1-0) ao. ao.

. total no. of moles =a (1 —a)+aa+ac=a(l + o)

" pressure of a gas is proportional to no. of moles
moles before diss. a4 0-553
moles after diss. a(1+a) 1
or o =0-81.
moles of PCl; at eqgb.

Partial pressure of PCl;= x total pressure

total moles
_a(l—oa)>< _1-081
all+o) 1+0-81
Partial pressure of PCl;= partial pressure of Cl,
moles of PCl; or Cl,
- total mole
ac. 0-81

= X 1=—>==0-447 atm.
all+a) 1-81

=0-104 atm.

x total pressure

25. Helium is contained at 30-2°C in the system
as shown in the figure. The levelling bulb (L)
can be raised so as to fill the lower bulb with
mercury and force the gas into the upper part of
the device. The volume of bulb A to the mark ‘a’
is 100-5cm® and the volume of bulb B between
the marks ‘a’ and ‘b’ is 110 cm®. The pressure
exerted by the helium is measured by the
difference between the mercury levels in the
device and in the evacuated arm of the
manometer. When mercury level is at ‘b’ the
pressure is 20-14 mmHg. What is the mass of
helium in the container?

wt. of He in g

pv= mol. wt. of He RT




Properties of Gases

2014 (110 +100-5)

760 1000
(atm) (litre)
wt.of Hein g
== x 0-082 x (273 + 30-2)

wt. of helium = 0-000897 g.
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Ex. 26. A vertical cylinder closed at both ends is divided into two parts by a
frictionless piston, each part containing one mole of air. At temperature 300 K,
the volume of the upper part is four times than that of the lower part. At what
temperature will the volume of the upper part be three times than that of the

lower part?

Solution : At 300 K, the position of the piston in the cylinder of volume, say

V, is represented as:

Let p; and p, be the pressure at the upper and
lower part of the cylinder respectively. Let the
pressure at the lower part due to the weight of the
piston of the cylinder be p, .

P2=p1tPo- (D
In the two parts of the cylinder, the no. of moles

of air are same. As the temperature is also same
(300 K),

4V \%

we have, 12 X?=p2><§;
Po
or dpr=p2=pitpoi =75

P

~  Air-1 mole

P, B
Air-1 mole

)

Now let the temperature be T at which the volume of the upper part will

be three times than that of the lower part.
Let the pressures at the upper and lower parts
be p’; and p’, respectively. Thus,

P2=P1t Po SC)
Again in both the parts, temperature and no. of
moles are the same, we have,

/Xﬂ_ /XZ
P1 4‘?’2 4’

or 3p1=p2=Pi+po
, Po
or pl:?.

From (2) and (4), we have, pﬁ:%pl.

P1/
Air-1 mole
P TP
Air-1 mole

Now, for the upper part of the cylinder at temperature T,

al<

. (@)
.. (5
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we have, pix % =RT. n=1)
Substituting p} from (5), we have,
% P X % =RT
9
SV =RT. ... (6)
Further,

for the upper part of the cylinder at 300 K,
we have, (2 % =R (300) .. (7)

From (6) and (7), we get, T=421-9K.
Second Method At 300 K,

Plx% = Rx 300 and sz% = Rx 300

At a temperature T (say),
14 14
P/ ><3— = RT and P, x— = RT
4 4
Substituting P;, P,, P{ and P, from the above equations in
P,-P, = P; —P/

we get, T = 4219 K.

Ex. 27. Three footballs are respectively filled with nitrogen, hydrogen and helium.
In what order are these footballs to be reinflated?

Solution : Since r o< % ... (Eqn. 9)

", > The > Ty, as MNZ > Mye > MH2

Thus the footballs are to be inflated in the following order:
(i) H,filled ball (ii) He-filled ball (iii) Ny -filled ball.

Ex. 28. A rubber balloon, permeable to hydrogen in all its isotopic forms, is filled
with pure deuterium (D,) and then placed in a box containing pure hydrogen.
Will the balloon expand or contract or remain as it is?

Solution : Since the molecular weight of D, is greater than that of H,, rate
of diffusion of H, will be higher than that of D,. Thus, the balloon will
expand.

Ex. 29. 32 cc of hydrogen diffuses through a fine hole in 1 minute. What volume
of CO, will diffuse in 1 minute under the same conditions?
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Solution : We have,
Vi LM,
v, "M,
‘ Vi, A [Mco, (Eqn. 9)
ie., n.
Veo, ' My, 4
32 4 ,g
VC02 2
VCOZ =6-82 cc.

Ex. 30. A tube with a porous wall allows 0-53 litre of N, to escape per minute from
a pressure of 1 atm to an evacuated chamber. What will be the amount escaping
under the same conditions for He, CCl, vapour and UF,?

(He=4, N=14, C=12, C1=355, F=19, U=238)
Solution : Using Eqn. 9 for He,
.‘ ']VIN2 VHe § _\/7
053 4

VHe =0-53 x \/7= 1-40 litre per minute.
Similarly, for CCl, vapour and UF,,

ea, | M _q[28 . =0:227 lit. per min.
VN, Mcq, 152 7~ " CCl
VUF N2

352 ; Vug, = 0-149 lit. per min.

Ex. 31. The reaction between gaseous NH; and HBr produces the white solid
NH,Br. Suppose that NH; and HBr are introduced simultaneously into the
opposite ends of an open tube that is 1 metre long. Where would you expect the
white solid to form?

Solution : Suppose the two gases meet to form a white solid NH,Br at a

distance of r; cm from the NH; end. Thus from the HBr end, the distance
will be (100 - 7;) cm.

We have,
"NH, 4 ,MHBr A[81
—= =\ ... (Egqn. 9
"HBr My, 17 (Ean- 9)

Since the rate of diffusion is proportional to the distance, the molecules travel
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'NH, r 81
= =\V= =218
e 100-7 17
r, = 65-55 cm.

Ex. 32. At room temperature ammonia gas at 1 atm pressure and hydrogen chloride
at p atmospheric pressure are allowed to diffuse through identical pin holes from
opposite ends of a glass tube of 1 metre length and of uniform cross-section.
Ammonium chloride is first formed at a distance of 60 cm from the end through
which HCI gas is sent in. What is the value of p?

Solution : In this problem the pressure under which the two gases are
diffusing are different.
THa Myn,  Pua 60
o Aes 1 40
17 Pye 60

=2-198 atm.

pHCl

Ex. 33. The composition of the equilibrium mixture for the equilibrium
Cl, = 2Cl at 1470 K may be determined by the rate of diffusion of the mixture
through a pinhole. It is found that at 1470 K, the mixture diffuses 1-16 times
as fast as krypton (83-8) diffuses under the same conditions. Find the degree of
dissociation of Cl, at equilibrium.

Solution : For the equilibrium,

Cl, = 2C1
Initial moles: 1 0
Moles at egb.: 1-x 2x (x is the degree of dissociation)

Molecular weight of the mixture of Cl, and Cl at eqb., i.e, My, is
calculated as
M. _(1-071+@2x355_ 71

mix (1-x)+2x 1+x

Now we have,

"mix MKr 83-8
= = \j =1-16. ... (Egn. 9
M 711+ ) (Eqn. 9)

TKr
x=0-14.

Ex. 34. 75 cc of a gas was collected over mercury in a tube closed at the top by a
porous plug. On standing in air for some time, and when the mercury level
became constant again, the volume was found to be 123 cc. What is the molecular
weight of the gas? (1 litre of air weighs 1293 g at NTP)
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Solution : Molecular weight of air = weight of 1 mole of air
=wt. of 224 litres of air at NTP
=1-293x22-4.
=28-96.
From the given question it is clear that the time during which 75 cc of

the gas diffuses out and the time during which 123 cc of air diffuses in
are the same.

Th i \/M2 Eqn. 9
us Vz_ M (qn )

1

75 4 [2896
123- VM
M=78.

Ex. 35. A mixture of hydrogen and oxygen in the 2 : 1 volume ratio is allowed to
diffuse through a porous partition. Calculate the composition of the gas coming
out initially.

Solution : We have,

Now since volume ratio of H, and O, in the initial stage is 2 : 1 (given)
and the ratio of their rates is 4 : 1, the overall volume ratio of the gases
diffusing through the porous partition at the initial stage will be 8 : 1.

Ex. 36. A gaseous mixture of O, and X containing 20% (mole %) of X, diffused through
a small hole in 234 seconds while pure O, takes 224 seconds to diffuse through the
same hole. Find molecular weight of X.

Solution : We have,

tmix Mmix
= . (E n. 9)
fo, Mo, g
234 [Muis
224 327
M, = 34921.

As the mixture contains 20% (mole %) of X, the molar ratio of O, and X
may be represented as 0-8n: 0-2n, n being the total no. of moles.
32 x0-8n+ M, x02n

~. M, (mol. wt. of X)=46-6.

=34.921
n
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Ex. 37. The pressure in a bulb dropped from 2000 mm to 1500 mmHg in
47 minutes when the contained oxygen leaked through a small hole. The bulb
was then completely evacuated. A mixture of oxygen and another gas of
molecular weight 79 in the molar ratio 1 : 1 at a total pressure of 4000 mmHg
was introduced. Find the molar ratio of the two gases remaining in the bulb
after a period of 74 minutes.

Solution : Suppose po, and p be the pressure-drops per minute for O, and
an unknown gas x (say) respectively.
2000 - 1500

Po, a7 =10-64 mm/min.
To, Po, + ’ M,
—=—= \7+7— ... (Egn. 10)
Tx  Px Mo, E
10-64 79 .
P—x_ 3—2 ; px—6-77 mm/mm.

Since the bulb is now refilled with equal number of moles of O, and x,
the partial pressures of each gas will be 2000 mm as the total pressure
is 4000 mm. ... (Eqn. 6)
pressure of O, after 75 min
= partial press. of O, - press. drop in 74 min
=2000 - (10-64 x 74)
=1212-64 mm
and pressure of x after 74 min
= partial press. of x — press. drop after 74 min
=2000 - (6:77 x 74)
=1499-02 mm.
We thus apply Eqn. 10.
moles of O, leftafter 74 min pressure of O, after 74 min

moles of xleft after 74 min ~ pressure of x after 74 min
1212-64

149902

Hence, molar ratio of O, and x after 74 minutes is 0-8089: 1.

=0-8089.

Ex. 38. What would the molecular weight of a gas have to be if the pressure of the
gas is to fall to one-half of its value in a vertical distance of 1 metre?
(T =25°C). What type of molecules have molecular weight of this magnitude?

Solution : We have,

2303 log L= Mgh (Eqn. 11)
b= RT ... (Eqn.
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p =P (suppose)
Po=2P

¢=981cm/s

h =100 cm

R=8314x10" erg - K~ ' mole ™!
T=25+273=298 K.

P M x 981 x 100
2P~ 8.314 x 107 x 298
M = 175000.

Molecules with such a high value of molecular weight must be those of
a polymer.

2-303 log

Ex. 39. Calculate rms speed of oxygen molecules in the lungs at normal body
temperature, 37°C.

Solution : We have,

C= % ... [Eqn. (12 d)]
7
:\/3><8314><10 X310 4 00 10° /s,

32

Ex. 40. Calculate the temperature at which the root-mean-square speed of SO,
molecules is the same as that of oxygen at 27°C.

Solution : We have,

\/ 3RTs0, \/ 3RTo,
C= =

Mso, Mo,
\/ 3RTso, \/ 3R - 300
o T 32
Tgo, =600 K.

Ex. 41. Calculate the rms speed of ozone kept in a closed vessel at 20°C and
82 cmHg pressure. (IIT 1985)

Solution : Volume occupied by 1 mole of O;at 20°C and 82 ¢cm pressure

293 76
= 22400 x 73 ;= 22282 cc ... (Eqn. 3 b)

p =82x13-6 x 981 dynes/cm”.
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Now we have,
3pV
M
~ \/3 X 82 X 13-6 x 981 x 22282
48
=39x10* cn/s.
[Note: The other direct method is by the use of Eqn. 12 d].

C= ... (Eqn. 12 ¢)

Ex. 42. A gas has a density of 1.2504 g/L at 0°C and a pressure of 1 atm. Calculate
the rms, average and the most probable speeds of its molecules at 0°C.

Solution : p =76 X 13:6 x 981 dynes/cm”
d=1-2504 g/L = 00012504 g/ cc
Now we have,

C=\— ... (Eqn. 12 b)

4/3Xx76x13:6 x 981
- 0-0012504

. average speed =0-9211 x 493 x 10*
=459 x 10" em/s
and most probable speed = 0-8165 x 4-93 x 10*
=4.03x10* cm/s.
[rms speed : av. speed : m.p. speed = 1:0-9211 : 0-8165]

=4.93x10*cm /s.

Ex. 43. Calculate the rms speed in cm/s at 25°C of a free electron and of a molecule
of UF,. (H=1,U=238,F=19)

Solution : Mass of electron on atomic wt. scale is 1/1837 amu

1
. mass of 1 mole of electron = 1337 &

R=8314x 107 ergs/K/mole
T=273+25=298 K.

We have,
A[3RT 3 x 8314 x 107 x 298
C= ™M 11837 ... (Eqn. 12 d)

. rms speed of an electron = 1-16 x 10" cm/s.
To calculate rms spd. of UF,, put M = (238+ 6 x 19) in Eqn. 12 d.

Ex. 44. The average speed at T, K and the most probable speed at T, K of CO, gas
is 9x10* ecm s~ . Calculate the value of Ty and T, . (IIT 1990)
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Solution : We know, for 1 mole of an ideal gas,

rms speed = 3]1\</I—T ... (Eqn. 12 d)
and rms speed : average speed : most probable speed
=1:0-9211:0-8165.
A [3RT, ,
average speed at T; K =0-9211 x M- 9x10 (1)
A [3RT, \
and most probable speed at T, K =0-8165 x M- 9 x10% .. (2

Substituting R = 8-314 x 107 ergs/K/mole and M = 44 in (1) and (2), we
get,

T, = 1684 K and

T, = 2143 K.

Ex. 45. The kinetic molecular theory attributes an average kinetic energy of % kT to

each particle. What rms speed would a mist particle of mass 10~ '* g have at

room temperature (27°C) according to the kinetic molecular theory?
) 3
Solution : KE per molecule = EkT

-T.

N w
z|=

If the mass of one molecule is m then KE of this molecule

»n

= % mC?, where C is the rms speed.

1

1 2 3 R
2mC—2 N T
R T
or C= 3XK]XE
7
:\/3X8314X10 X300 _ 55 emys.

6:022 x10® x 10~ 12

Ex. 46. Calculate rms speed of N, at 298 K in metre/second.

Solution : In SI units,
R=8314]/K/mol, T=298 K and M =0-028 kg/mol

A/3RT
€= M
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_ A /3><8-314><298 5152 m/s.

0-028
Ex. 47. Calculate rms speed of O, at 273 K and 1x10° Pa (pascal) pressure. The
density of O, under these conditions is 1-42 kg/m?.

Solution : Data are given in SI units.
3p A / 3x10°

=N+ = = 459. .

C 4 0 59-63 m/s

Ex. 48. Calculate the pressure in atm, exerted by 107 gas particles each of mass

10~% g in a container of volume 1 litre. The rms speed is 10° cm/s. What is
the total kinetic energy (in cal) of these particles? What must be the temperature?

Solution : We have,

pV= % mnC* ... (12)

px1000=%><10_22><1023><105><105

8
p=—5 dynes per cm”.

We know, 1 atm =76 cm = (76 x 13-6 x 981) dynes/cm2
1 1
p:ﬁxizﬁ atm.
3 76x13-6x981
1
Total KE of molecules = 5% (total mass) x C*
= % 102 x 10 x (10°)° ergs
102 % 10% x 101°
L J0TEA0TXI0T s
2 4184 x 10
(1 cal =4-184 x 107 ergs)
23 23
Now, number of moles = 10 = 10 >
Av. const. 6022 x 10
1
=" ... (Rule 4, Ch 1
6022 (Rule 4, Chapter 1)
Again we have,
KE = % nRT ... (Eqn. 12 ¢)
1195=§>< ! x2XT

2 6022
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T=23987 K.
Ex. 49. Calculate total energy of 1 mole of an ideal monoatomic gas at 27°C.

Solution : R =2 cal/deg/mole
T=273+27=300K.

KE of 1 mole of a gas =%RT ... (Eqn. 13 a)

= % X 2 x 300 =900 calories.

Ex. 50. Calculate the average kinetic energy in joules of the molecules in 8 g of
methane at 27°C.

Solution : No. of moles of CH,

R =8-314joules/K/mole
T=273+27°=300K

KE for n moles = % nRT= % x 0-5x 8-314 x 300 (n=0-5)

=1870-65 joules.

Ex. 51. C, — C, for an ideal gas is (... 7 ...)

Solution : C, — C, = R = 2 calories.

Ex. 52. 5-6 litres of an unknown gas at NTP requires 12-5 calories to raise its
temperature by 10°C at constant volume. Calculate C, for the gas and its
atomicity.

56 _1

24 4

. heat in calories required to raise the temperature of 1 mole of the gas

by 10°C is 12:5 x4 =50.

As C, is defined as the heat required to raise the temperature of 1 mole

of the gas through 1°C at constant volume,

Solution : No. of moles = ... (Rule 3, Chapter 1)

50
CU—E—Scal.
C,=5+2=7cal (G -C=2)
C, 7
—P_L _1.
C —5—14.

v

The gas is thus diatomic.
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Ex. 53. At 627°C and 1 atm pressure, SO, undergoes partial dissociation into
SO, and O,

SO, = soz+%o2

If the observed density of the equilibrium mixture is 0-925 g/L, calculate degree
of dissociation of SOj .

Solution : Let the initial no. of moles of SO; be 1 and its degree of dissociation,
X.
1 0 0 Initial no. of moles

SO, = SO, + 30,
1-x x x/2 Moles at equilibrium

.. total no. of moles at egb. =1—x+x+%=1+%~

Thus applying pV =nRT

1><V=[1+§)><0-0821><(627+273)

V= [ 1+ g ] x 7389 litres.

Now wt. of 1 mole of SO; = 80 g and therefore,
from the law of conservation of mass, we have,
wt. of gases at egb. = 80 g.

. wt. in g 80 )
density = vol in Titres — o =0-925 (given)
' [1 ¥ 5] X 7389
or x=0-34.

Ex. 54. A sample of O, gas initially at NTP is transferred from a 1-litre container
to a 2-litre container at a constant temperature. What effect does this change
have on
(a) the average kinetic energy of O, molecules
(b) the average speed of O, molecules
(c) the rms speed of O, molecules
(d) the total number of collisions of O, molecules with the container walls in a
unit time

Solution : (a) No change in average kinetic energy as the temperature remains
constant.
(b) & (c) No change in average speed and rms speed as the average
kinetic energy remains unchanged.
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(d) Number of collisions per unit time with the container walls decrease,
as due to increase in volume, the molecules move longer distances
between collisions.

Ex. 55. Consider the arrangement of bulbs shown below:

What is the pressure of the system when all the stopcocks are opened?

635 1 212 1 418 5
760 RT 760 RT 760 *RT

Let the pressure of the gases be P atm when all the stopcocks are open.
Applying ideal gas equation,

635 1 212 1 418 'SJRTP 056 atm.

Solution : Total number of moles =

PA+1+5)= (760 RT "760 “RT ' 760 * RT

Ex. 56. A mixture of CH, and C,H, occupies a certain volume at a total pressure
of 70-5 mmHg. The sample is burnt, formed CO, and H,O. The H,O is removed
and the remaining CO, is found to have a pressure of 96-4 mmHg at the same

volume and temperature as the original mixture. What mole fraction of the gas
was C,H,?

Solution : Let the number of moles of CH, and C,H, be x and y respectively.
CH, + GH, + O, —» CO, + H,0O
x moles y moles
Applying POAC for C atoms,
1 xmoles of CH, +2 x moles of C,H, =1 x moles of CO,

x + 2y =moles of CO,

As no. of moles o pressure at const. temperature and volume.

no. of moles of CH, and C2H2 705

no. of moles of CO, T 964
or X4y 705
x+2y 964

Y _ mole fraction of C,H, =0-368.
X+y

Ex. 57. The radius of each molecule of a gas is r cm. What is the effective volume
occupied by one molecule?
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Solution : Two molecules when touching from any direction will always have
their centres separated by 2r, where r is the radius of each molecule

considering only bimolecular collisions, em—— -
-
or, effective volume occupied by two yd AN
4 /
molecules =~ n(2r)® /
I
I
32 4 \
=—_—mr. \
3 \\ //
effective  volume occupied by each AN el

~———

_16 5 4 4 s
molecule = 3 r —4X31U’.

Ex. 58. The density of the vapour of a substance at 1 atm pressure and 500 K is
0-36 kg m™. The vapour effuses through a small hole at a rate of 1:33 times
faster than oxygen under the same condition.

(a) Determine (i) molecular weight (ii) molar volume (iii) compression factor
(Z) of the vapour, and (iv) which forces among the gas molecules are dominating,
the attractive or the repulsive?

(b) If the vapour behaves ideally at 1000 K, determine the average transitional

kinetic energy of a molecule.

Solution : (a) (i) ~& Mo, =22 1809 g /mole
olution : = ; =——7=18: .
Yo, Mg "TF 133 &
(ii) Molar volume = mol. wt. (/mole) WF' (g/mole)
density (g/L)
18-09
=—— (kem> =90l
03e kem7=gl™)
=50-25 L mole™.
... pV _ 1x50-25
() == R T= 0821 x 500

=1.224.

(iv) As z>1, repulsive force dominates.

(b) Av. KE per molecule = 3 T

R
N
3 8314
S S3% 1000
2% 6022 %102

=2.07x1077.
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Ex. 59. The compressibility factor for 1 mole of a van der Waals gas at 0°C and
100 atm pressure is found to be 0-5. Assuming that the volume of a gas molecule
is negligible, calculate the van der Waals constant, a. (IIT 2001)

Solution : For 1 mole of the gas,

_rv
Z_RT
100x V
S5=—-——V=0112L
05 -0821 x 273 0

Neglecting b, van der Waals equation reduces to (P + %] V=RT

or pV+€—/=RT

or 1000112 + —— = .0821 x 273
0112

a=1-25 L%atm mol ™.

Ex. 60. A vertical hollow cylinder of height 1-52 m is fitted with a movable piston
of negligible mass and thickness. The lower half of the cylinder contains an ideal
gas and the upper half is filled with mercury. The cylinder is initially at
300 K. When the temperature is raised, half of the mercury comes out of the
cylinder. Find the temperature, assuming the thermal expansion of mercury to
be negligible.

. . 152
Solution : Initially at 300 K, length of Hg column = = 76 cm = 1 atm.

Let the volume of the cylinder be V litres

Applying ideal gas equation: (1 +1) - g =nR-300. .. (1)

Finally, say at a temp. T: length of Hg column = % cm =0-5 atm.

(1+0-5)%=nRT. )
From equation (1) and (2), T=337-5 K.

Ex. 61. What is the molar volume of N, at 500 K and 600 atm according to (a)
ideal gas law (b) wvirial equation. The wvirial coefficient B of Ny(g) at
500 K=0-0169 L mol™. How do you interpret the results?

Solution : (a) For 1 mole of an ideal gas
RT 00821 x 500

(b) Using virial equation, neglecting higher powers.
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Vv B BP

Z=RTVTVEIRT
0-0169 x 600
=1+—————=1.247.
z=1 0-0821 x 500 124
For 1 mole of a real gas,
_pv
Z_RT
Ve ZRT 1247 x 0-0821 x 500
T 600

=853 %107 L mol ™.
The molar volume of the real gas is greater because of the finite volume
of the molecules.

Preat )V rear)
RT
NH,;, under the following conditions: in a 500 mL-vessel at —10-0°C it exerts
a pressure of 30-0 atm. What would be the ideal pressure for 1-0-mole of NH;

at =10-0°C in a 500-mL vessel?

Ex. 62. Calculate the compressibility factor, for a 1-0-mole sample of

- 30x-5
Solution : Compressibility factor (Z) = 0821 x 263 0-69.
Applying ideal gas equation:
pV =nRT
px-5=1x-0821x263
p=43-18 atm.

Ex. 63. 2 moles of ammonia occupied a volume of 5 litres at 27°C. Calculate the
pressure if the gas obeyed van der Waals equation.

(a =417 atm 1it* mole™ 2, b=0-0371 lit mole™ )

Solution : n =2
V =5 litres
T=273+27=300K
a=417 atm lit* mole 2
b =0-0371lit mole ™"
R =0-082lit atm deg ™' mole~
Applying van der Waals equation for n moles

1

2
[p+aVL2J(V—nb)=nRT ... (Eqn. 17)
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17 x 22
(p +%} (5 -2 x0:0371) =2 x 0-082 x 300

p=9-33 atm.

Ex. 64. van der Waals constant ‘b’ for a real gas is 002788 lit mole ~'. Calculate
the radius of the molecule of the gas.

4
Solution : Volume of one molecule zgn 7,

where 7 is the radius of the molecule.

4
. volume of 1 mole = 3 77 X Av. const.

(1 mole contains Av. const. of molecules)
We have, b=4x % 7’ X Av. const. ... (Eqn. 18)
b = 0-02788 lit/mole = 27-88 mL/mole (given).

27.88 =4 x% X%Xr3x6-022>< 10%.

r=14x10"%cm.
Ex. 65. Calculate the weight of water in grams per litre of air at 20°C and 45%
relative humidity. Vapour pressure of water at 20°C is 17-5 mmHg.

Solution : We know that,
% relative humidity

partial pressure of H,O in air

- vapour pressure of H,O at the same temp. X 100.
PH,0 = % =79 mm =0-0104 atm.
Thus for 1 litre of air, mole of H,O can be calculated as,
n _ﬂ_M=43 %10~ * mole.

"~ RT 00821 x293
. wt. of HjO=43x10"*x18=774x10"3g/L of air.

Ex. 66. One way of writing the equation of state for real gases is

pV = RT{HE + }
v

where B is constant. Derive an approximate expression for B in terms of the
van der Waals constants, a and b.

Solution : The van der Waals equation for 1 mole of a gas is
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(p+_iJ(V—b) - RT,

V2
where V is the molar volume.
a RT
or p+—|=—=
[ VZ] (V-0
or pV+ L] = V. grr
\% (V-b)
v, a _V
or RT " VRT ~ V-b
pv vV a

__ 1 _1_b_1_ a_
[1—% RTV ( V] RTV

At low pressures, v << 1 so that we can expand the first term using

A-0"=1+x+2>+ -
volume:

— 2
PV 14 2i(l) 4. |8
ﬁ‘{“v*[v M
a1 bY
=1+ [b—ﬁJﬁ + [?] + -
1 b ’
a
1jis (g5 +(3) )
Comparing with the given equation, we have
a
B - [b—ﬁ)

Ex. 67. Calculate the viscosity of molecular oxygen in Pa s at 273 K and 1 bar.
Given that molecular diameter =0-36 X 10 m,

k=138x102JK" and Av. const. =6-022 x 102

- . This yields the virial equation in terms of

or pV

32x107°
Solution : Mass of one O, molecule, m = Xim
6:022 x 10

=5314x 10 kg.
We have,

1
5 (mk
= ... (Egn 16
n 1602[ nTJ (Eqn 16)
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" 16 % (036 X 10°) 22/7
=1.926 x 10 Pass.

1/2
5 (5-314 x 10726 x 1:38 x 1072 x 273]

PROBLEMS

(Answers bracketed with questions)

. 1 g of helium gas is confined in a two-litre flask under a pressure of 2:05 atm.
What is its temperature? (200 K)

. The density of He is 0-1784 kg/ m’ at STP. If a given mass of He at STP is allowed
to expand to 1-5 times its initial volume by changing the temperature and pressure,
compute its resultant density. (0-1189 kg /m)

[Hint: 1kg/m’=1g/L. Density is reduced by 1.5 times]

. The density of an ideal gas A is 1-43 g/L at STP. Determine the density of A at
17°C and 700 torr (mm). (124 g/L)

. A container has 3-2 g of a certain gas at NTP. What would be the mass of the same
gas contained in the same vessel at 200°C and 16 atm pressure. (29-534 g)

[Hint: Mol. wt. (M) = % x224; V=vol. inlit. Apply pV =17 RT;

w=wt. of the gas ingat473 Kand 16 atm]

. Calculate the volume occupied by 5 g of acetylene gas at 50°C and 740 mm
pressure. (IIT 1991) (5-2375 litres)

. A bottle is heated with its mouth open from 15°C to 100°C. What fraction of air
originally contained in the vessel is expelled? (23-5%)

7. An underwater bubble with a radius of 0-5 cm at the bottom of a tank, where the
temperature is 5°C and the pressure is 3 atm., rises to the surface where the
temperature is 25°C and pressure is 1 atm. What will be the radius of the bubble
when it reaches the surface? (0-74 cm)

. A good vacuum produced in common laboratory apparatus corresponds to

107° mm pressure at 25°C. Calculate number of molecules per cc at this pressure
and temperature. (32x10")

. A sample of nitrogen gas is bubbled through liquid water at 25°C and then
collected in a volume of 750 cc. The total pressure of the gas which is saturated
with water vapour, is found to be 740 mm at 25°C. The vapour pressure of water
at this temperature is 24 mm. How many moles of nitrogen are in the sample?

(0-028)

A flask of volume 1 litre contains vapour of CH,OH at a pressure of 1 atm and

25°C. The flask was then evacuated till the final pressure dropped to 10™* mm.
Find the number of molecules of methyl alcohol left in the flask. (3-2x10")
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Estimate the number of molecules left in a volume of the size of a pinhead about

1 cubic mm when the air is pumped out to give a vacuum of 107 mmHg at 25°C.
(324 x 10"

. A 500-cc bulb weighs 38-734 grams when evacuated and 39-3135 grams when filled

with air at 1 atm pressure and 24°C. Assuming that air behaves as an ideal gas
at this pressure, calculate effective mass of 1 mole of air. (282 g)

A desiccator of internal volume of 1 litre and containing nitrogen at 1 atm pressure
is partially evacuated to a final pressure of 7-6 mmHg while the temperature
remains constant. What is the volume of the gas at this stage? (1-00 litre)

A litre of air weighs 1-293 grams at NTP. At what temperature will a litre of air
weigh 1 gram, the pressure being 72 ¢cm? (61-3°c)

The vapour of a hydrocarbon is 2:47 times heavier than that of oxygen. What is
its molecular weight? (79-04)

A gas cylinder contains 370 g of O, at 30 atm and 25°C. What mass of O, would

escape if first the cylinder were heated to 75°C and then the valve were held open

until the gas pressure was 1 atm, the temperature being maintained at 75°C?
(359 g)

[Hint: First calculate the volume of the cylinder and then wt. of O, present at
1 atm and 75°C using pV =n RT]

A gaseous compound is composed of 85-7% by weight of C and 14-:3% by weight
of H. Its density is 2:28 g/L at 300 K and 1 atm pressure. Calculate the molecular
formula of the compound. (C,Hy)

A balloon filled with helium rises to a certain height at which it gets fully inflated
to a volume of 1x10° litres. If at this altitude temperature and atmospheric

pressure is 268 K and 2x 107> atm respectively, what weight of helium will be
required to fully inflate the balloon? (36:36 8)

Find the total pressure exerted by 1-6 g of methane and 22 g of CO, contained in
a four-litre flask at 27°C. (0-9236 atm)

At 100°C and 1 atm pressure the density of water vapour is 0-0005970 g/cc.
(a) What is the molar volume and how does this compare with ideal gas value?
(b) What is the compressibility factor ‘Z"?

[V (obs.) = 30-18 lit, and V (ideal) = 30-621 litres; Z = 0-986]

A box is divided by a thin partition into equal compartments and they are filled
with an equal number of hydrogen and heavy hydrogen molecules respectively.
If the pressure in the hydrogen compartment is 1 cmHg, what is the pressure in
the other compartment? What will be the pressure if the partition is removed?
(1 emHg; 1 cmHg)

1 gof N,and 1 g of O, are put in a two-litre flask at 27°C. Calculate partial
pressure of each gas, the total pressure and the composition of the mixture in mole
percentage. (0-44 atm.; 0-82 atm; 53-3%; 46-7%)
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Into a gas bulb of 283 litres, are introduced 0-174 g of H, and 1-365 g of N, which

can be assumed to behave ideally. The temperature is 0°C. What are the partial
pressures of H, and N, and what is the total gas pressure? What are the mole

fractions of each gas? What are pressure fractions? (pH,/p = nH,/n = 0:639)
100 cm”® of NH, diffuses through a fine hole in 32:5 seconds. How much time will
60 cc of N, take to diffuse under the same conditions? (259)
A gas ‘X’ diffuses five times as rapidly as another gas Y’. Calculate the ratio of
molecular weights of ‘X" and ‘Y". (1/25)
The rate of diffusion of methane at a given temperature is twice that of a gas X.
The molecular weight of X is

(A) 64 (B) 32 (©) 4 (D) 8 (A)
A mixture containing 1-12 litres of H, and 1-12 litres of D, at NTP is taken inside

a bulb connected to another bulb by a stopcock with a small opening. The second
bulb is fully evacuated, the stopcock opened for a certain time and then closed.
The first bulb is now found to contain 0-05 g H,. Determine the percentage
composition by weight of the gases in the second bulb. (41-6; 58-33)
[Hint: H=1, D=2, Apply Eqn. 9]

A mixture consisting of 80 mole per cent hydrogen and 20 mole per cent deuterium
at 25°C and a total pressure of 1 atm is permitted to effuse through a small orifice
of area 0-20 mm”. Calculate composition of the initial gas that passes through.
(5:65:1)
[Hint: mole % = vol. %.]
A straight glass tube has two inlets ‘X" and “Y” at the two ends. The length of the
tube is 200 cm. HCl gas through inlet X and NH, gas through inlet Y are allowed
to enter the tube at the same time. White fumes first appear at a point P inside

the tube. Find the distance of P from X. (81-1 cm)
A mixture of hydrogen and oxygen in 3 : 1 volume ratio is allowed to diffuse
through a porous partition. What should be the composition of the initial gas
diffusing out of the vessel? (12:1)
The time required by a certain volume of oxygen to diffuse through a small hole
is 3600 seconds. Calculate the time required by the same volume of chlorine to
diffuse through the same hole. (5360 s)
Calculate the relative rates of diffusion of 235 UF; and 238 UF, in the gaseous
form. (10043 : 1)
The rate of diffusion of a sample of ozonised oxygen is 0-98 times more than that

of pure oxygen. Find the percentage (by volume) of ozone in the ozonised sample.
(8-25%)

The pressure in a vessel that contained pure oxygen dropped from 2000 mm to
1500 mm in 47 minutes as the oxygen leaked through a small hole into vacuum.
When the same vessel was filled with another gas, the pressure dropped from
2000 mm to 1500 mm in 74 minutes. What is the molecular weight of the gas?
79)



354

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Modern Approach to Chemical Calculations

A vessel of volume 100 mL contains 10% of oxygen and 90% of an unknown gas.
The gases diffuse in 86 seconds through a small hole of the vessel. If pure oxygen,
under the same conditions, diffuses in 75 seconds, find the molecular weight of
the unknown gas. (43-2)

A balloon having a capacity of 10000 metre’ is filled with helium at 20°C and
1 atm pressure. If the balloon is loaded with 80% of the load that it can lift at
ground level, at what height will the balloon come to rest? Assume that the volume
of the balloon is constant, the atmosphere is isothermal, 20°C, the molecular weight
of air is 28-8 and the ground level pressure is 1 atm. The mass of the balloon is
13x10°g.

[Hint: Use Eqn. 11.]

The density of hydrogen at 0°C and 760 mmHg pressure is 0-00009 g/cc. What is
the rms speed of hydrogen molecules? (183-8 x 10’ cm/s)

A one-litre gas bulb contains 1-03 x 10° H, molecules. If the pressure exerted by
these molecules is 760 mmHg, what must be average squared molecular speed?
(9-43 x10* cm /s)

At what temperature the rms speed of hydrogen is equal to escape velocity from
the surface of the earth?
[Hint: Escape vel. =V2gR; R = earth’s radius = 6:37 x 10° cm.] (100-2 K)
At what temperature, hydrogen at 1 atm pressure has the same rms speed as that
of oxygen at NTP? (-256°C)
Compute rms speed of (i) O, at 15°C and 77 cm pressure, (ii) NH; molecules at
NTP, and (iii) average speed of CH, at 500°C.

(47-3 x 10° cm/s, 6-8 x 10* cm/s, 109 x 10* cm/s)

Show that the ideal gas law can be written as p = % E, where E is the kinetic energy

per unit volume.

At what temperature would the most probable speed of CO molecules be twice
that at 0°C? (819°C)

At what temperature would N, molecules have the same average speed as He
atoms at 300 K? (2100 K)

Calculate the kinetic energy of Avogadro constant of gaseous molecules at 0°C.
(34x 10" erg)
Calculate the average kinetic energy per mole of CO, gas at 27°C in different units.

(374 x 10" ergs, 3742 joules, 894 calories)

A gas of molecular weight 40 has a specific heat 0-075 cal/g/deg at a constant
volume. What is the C, value for it and what is the atomicity of the gas?
(3 cal/mole, monoatomic)
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At 627°C and 1 atm, SO, partially dissociates into SO, and O,. One litre of the
equilibrium mixture weighs 0-94 g under the above conditions. Calculate the partial
pressures of the constituent gases in the mixture.

[Hint: See Example 53] (0-5986, 02676, 0-1338 atm)
The degree of dissociation of N,O, according to the equation N,O, = 2NO, at 70°C
and atmospheric pressure is 65-6%. Calculate the apparent molecular weight of
N,O, under the above conditions. (55:56)
1
92(1 - x) +46(2
[Hint: N,O, = 2NO,; approx. mol. wt. :%(x).]
x
1-x 2x

1 mole of a gas is changed from its initial state (15 lit ; 2 atm) to final state (4 lit,
10 atm) reversibly. If this change can be represented by a straight line in p-V curve,
calculate maximum temperature, the gas attained. (698 K)
. ... p=2 V-15
Hint: Eqn. for the 1 =— 11 =142
[Hint: Eqn. for the line is 10-2-4-15 p+8V
142
For (pV)max, 11p:%=71 and8V:T=71
71 71

or p=qyandV= 3 then apply

(PVmax =1 R Tnax - 1

Calculate the volume occupied by 7 g of N, under a pressure of 100 atm at 27°C
(=139 atm lit* mole %, b=0-391 lit mole” ") (58-8 mL)

The van der Waals constant b for a gas is 42x 1077 lit mole”'. How close the
nuclei of the two molecules come together ? (32x107% cm)

Find the temperature at which 3 moles of SO, will occupy a volume of 10 litres
at a pressure of 15 atms.
(a=671 atm lit® molefz),

(b=0-0564 lit mole ~ ") (351°C)

A 2:55 g sample of NH,NO, is heated in a test tube.

NH,NO,(s) — Ny(g) + 2H,0(g)
What volume of N, will be collected in the flask when the water and gas
temperature is 26°C and barometric pressure is 745 mmHg? (1-013 L)

How is the rms speed of N, molecules in a gas sample changed by

(a) an increase in temperature?
(b) an increase in volume of sample?
(c) mixing with an Ar sample at the same temperature?
[(a) increases (b) no effect (c) no effect]

Nickel carbonyl, Ni(CO),, is one of the most toxic substances known. The present
maximum allowable concentration in laboratory air during an 8-hr work day is 1
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part in 10”. Assume 24°C and 1 atm pressure what mass of Ni(CO), is allowable

in a laboratory that is 110 m” in area, with a ceiling height of 2.7 m?(3.53 x 10‘4g)

A sample of gas has a molar volume of 10-1 L at a pressure of 745 mmHg and a
temperature of —138°C. Is the gas behaving ideally? (No)

Cyanogen is 46:2% C and 53-8% N by mass. At a temperature of 25°C and a
pressure of 750 mmHg, 1.0 g of cyanogen gas occupies 0-476 L. Find the formula
of cyanogen. (C,N,)

Two containers of the same volume, one containing the gas A and the other
containing the gas B, have the same number of molecules of each gas. The mass
of the molecule A is twice the mass of the molecule B. The rms speed of A is also
twice that of B. Calculate the pressure ratio of the gases A and B. 8:1)

Calculate the percentage of free volume available in 1 mole gaseous water at 1 atm
pressure and 373 K. (99:94%)

To an evacuated vessel with movable piston under external pressure of 1 atm,
0.1 mole of He and 1.0 mole of an unknwon compound (V.P. = 0.68 atm at 0°C)
are introduced. Considering the ideal gas behaviour, the total volume (in L) of the
gases at 0°C is close to ... . (IIT 2011) (7 litres)

[Hint: As the piston is movable, the gas pressure is 1 atm.
. Pue=1-0.68=0.32 atm. Apply pV =nRT for He.] (99-94%)
The diffusion coefficient of an ideal gas is proportional to its mean free path and

mean speed. The absolute temperature of an ideal gas is increased 4 times and its
pressure is increased 2 times. As a result the diffusion coefficient increases x times.

The value of x is ... . (IIT 2016 Adv.) (4)
kT
Hint: D.C. o< A= .
[Eiin \2nc’P
8RT

Also D.C. e Av. speed = \ 71

rT3/2
D.C. o 7 -]

A closed tank has two compartments A and B, both filled with oxygen
(assumed to be ideal gas). The partition separating the two compartments is fixed
and is a perfect heat insulator (figure 1). If the old partition is replaced by a new
partition which can slide and conduct heat but does NOT allow the gas leak across

(figure 2), the volume (in m’) of the compartment A after the system attains

equilibrium is ... . (IIT 2018 Adv.) (222 m’)
1m3, 5 bar 3m?3,1 bar
400 K 300 K A B
A B

Figure 1 Figure 2
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[Hint: With old partition,
5x1=n,x400R .. for A,
1x3=n,x300R ... for B

n, 15

m 12
With new partition, pressure and temperature in A & B remain the same say p & T.

As the piston moves right, the volume of A & B at eqb. will be (1 + V) and
(8 = V) respectively.

p(1+V)=n,RT
p(3—=V)=n,RT

1-v n 15
3oV, 12 V=122

Vol. of A=1+V.]
Objective Problems

. Which of the following curves does not represent Boyle’s law?

(a) (b)
P log p

\% logV
() (d)

1
Y

. The temperature of 20 litres of nitrogen was increased from 100 K to 300K at a
constant pressure. Change in volume will be
(a) 80 litres (b) 60 litres (c) 40 litres (d) 20 litres

. If the volume of a given mass of a gas at constant temperature becomes three
times, the pressure will be

(a) 3p (b) p/3 (0) 9p (dp
. If the pressure of a given mass of a gas is reduced to half and temperature is
doubled simultaneously, the volume will be
(a) same as before (b) twice as before
(c) four times as before (d) one-fourth as before

. 10 g of a gas at NTP occupies a volume of 2 litres. At what temperature will the
volume be double, pressure and amount of the gas remaining same?
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(a) 273 K (b) 546 K (c) —273°C (d) 546°C
If 1 litre of N, at 27°C and 760 mm contains N molecules, 4 litres of O,, under the

same conditions of temperature and pressure, shall contain

(a) N molecules (b) 2N molecules  (c) % molecules (d) 4N molecules

Under identical conditions of temperature the density of a gas X is three times
that of gas Y while molecular mass of gas Y is twice that of X. The ratio of pressures
of X and Y will be

(a) 6 (b) 1/6 (c) 2/3 (d) 3/2

The molecules of a gas A travel four times faster than the molecules of gas B at

the same temperature. The ratio of molecular weights (M,/M;) will be
(a) 1/16 (b) 4 (c) 1/4 (d) 16

The volume occupied by 22-4 g of a gas (vap. density = 11-2) at NTP is
(a) 22-4 litres (b) 11-2 litres (c) 44-8 litres (d) 1 litres

32 g of oxygen and 3 g of hydrogen are mixed and kept in a vessel of 760 mm
pressure and 0°C. The total volume occupied by the mixture will be nearly
(a) 224 litres (b) 33-6 litres (c) 56 litres (d) 44-8 litres

A pre-weighed vessel was filled with oxygen at NTP and weighed. It was then
evacuated, filled with SO, at the same temperature and pressure and again
weighed. The weight of oxygen will be

(a) the same as that of SO, (b) 1/2 that of SO,
(c) twice that of SO, (d) 1/4 that of SO,
A closed vessel contains equal number of nitrogen and oxygen molecules at a

pressure of p mm. If nitrogen is removed from the system then the pressure will
be

@p (b) 2p (© p/2 @ p’

Two gases A and B, having the mole ratio of 3 : 5 in a container, exert a pressure
of 8 atm. If A is removed, what would be the pressure due to B only, temperature
remaining constant?

(a) 1 atm (b) 2 atm (c) 4 atm (d) 5 atm

Equal weight of methane and oxygen are mixed in an empty container at 25°C.
The fraction of the total pressure exerted by oxygen is

1 273
(a) 1/3 (b) 1/2 (c) 2/3 (d)gx@
In two separate bulbs containing ideal gases A and B respectively, the density of
gas A is twice that of gas B while molecular weight of gas A is half that of gas B
at the same temperature, pressure ratio P, / Py will be

(a) 1/4 (b) 1/2 (c) 4 (d)1

If 1 litre of a gas A at 600 mm and 0-5 litre of gas B at 800 mm are taken in a
2-litre bulb, the resulting pressure is
(a) 1500 mm (b) 1000 mm (c) 2000 mm (d) 500 mm

If the ratio of the rates of diffusion of the two gases A and B is 4 : 1, the ratio of
their densities is
(a)1:16 (b)y1:4 (c)1:8 (d)1:2
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Since the atomic weights of C, N and O are 12, 14 and 16 respectively, among the
following pair of gases, the pair that will diffuse at the same rate is

(a) carbon dioxide and nitrous oxide

(b) carbon dioxide and nitrogen peroxide

(c) carbon dioxide and carbon monoxide

(d) nitrous oxide and nitrogen peroxide

Two grams of hydrogen diffuse from a container in 10 minutes. How many grams
of oxygen would diffuse through the same container in the same time under similar
conditions?

(@) 05g (b)4g ©6g (d)8g

Four rubber tubes are respectively filled with H,, O,, N, and He. The tube which
will be required to be reinflated first is
(a) H,-filled tube  (b) O,filled tube  (c) N,-filled tube  (d) He-filled tube

Equal weights of methane and hydrogen are mixed in an empty container at 25°C.
The fraction of the total pressure exerted by hydrogen is

(a) 1/2 (b) 8/9 (c) 1/9 (d) 16/17

The specific gravity of CCl, vapour at 0°C and 76 cmHg in grams/litre is

(a) 11:2 (b) 77

(c) 6:88 (d) cannot be calculated

The rms speed of gas molecules at a temperature 27 K and pressure 1-5 bar is

1x10* em/s. If both temperature and pressure are raised three times, the rms speed
of the gas will be

(@) 9% 10* em/s (b) 3x10* ecm/s
(c) Y3 x10* em/s (d) 1x10* em/s
The ratio of rms velocity to average velocity of gas molecules at a particular

temperature is

(a) 1-086 : 1 (b) 1 :1-086 (c) 2 : 1086 (d) 1-086 : 2
The average velocity of an ideal gas molecule at 27°C is 0-3 m/s. The average
velocity at 927°C will be
(a) 0-6 m/s (b) 0-3 m/s (c) 099 m/s (d) 3-0 m/s

(IIT 1986)
Kinetic energy per mole of an ideal gas
(a) is proportional to temperature (b) inversely proportional to temperature
(c) is independent of temperature (d) is zero at 0°C

The temperature of a sample of a gas is raised from 127°C to 527°C. The average
kinetic energy of the gas

(a) does not change (b) is doubled

(c) is halved (d) cannot be calculated

The kinetic energy of N molecules of O, is x joule at —123°C. Another sample of
O, at 27°C has a kinetic energy of 2x joules. The latter sample contains

(a) N molecules of O, (b) 2N molecules of O,

(c) N/2 molecules of O, (d) none of these
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A helium atom is two times heavier than a hydrogen molecule at 298 K, the average
kinetic energy of helium is

(a) two times that of hydrogen molecules

(b) same as that of hydrogen molecules

(c) four times that of hydrogen molecules

(d) half that of hydrogen molecules

The kinetic energy of any gas molecule at 0°C is

(@) 566x107%']  (b) 3408 ] (c) 2 cal (d) 0

The ratio of the average molecular kinetic energy of UF, to that of H,, both at 300
é/)li:l (b)7:2 (c) 176 : 1 (d)2:7

At what temperature will hydrogen molecules have the same kinetic energy as
nitrogen molecules have at 35°C?

@ [28 >2< 35] b [2 >2<835j oc © [2 ;528] oc (d) 35°C

A monoatomic gas, a diatomic gas and a triatomic gas are mixed, taking one mole
of each. C,/C, for the mixture is
(a) 140 (b) 1-428 (c) 1.67 (d) 1-33

When 1 mole of a monoatomic ideal gas is heated to raise its temperature through
1°C, the fraction of the heat energy supplied which increases the kinetic energy
of the gas is

(a) 2/5 (b) 3/5 (c) 3/7 (d) 5/7

The values of van der Waals constant ‘a” for the gases O,,N,, NH; and CH, are

1.36,1-39,4-17 and 2-253 L? atm mole > respectively. The gas which can most
easily be liquefied is

(a) O, (b) N, (c) NH, (d) CH,

(IIT 1989)
One mole of an ideal monoatomic gas is mixed with 1 mole of an ideal diatomic
gas. The molar specific heat of the mixture at constant volume is
(a) 3 cal (b) 4 cal (c) 8 cal (d) 5 cal
According to kinetic theory of gases, for a diatomic molecule,

(a) the pressure exerted by the gas is proportional to the mean velocity of
the molecule

(b) the pressure exerted by the gas is proportional to the root mean square
velocity of the molecule

(c) the root mean square velocity of the molecule is inversely proportional
to the temperature

(d) the mean translational kinetic energy of the molecule is proportional to
the absolute temperature (IIT 1991)

The ratio between the rms velocity of H, at 50 K and that of O, at 800 K is
(a) 4 (b) 2 (©1 (d) 1/4
(IIT 1996)
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The compressibility factor for an ideal gas is
(a) 1-5 (b) 1.0 (c) 20 (d) e

(IIT 1997)
X mL of H, gas effuses through a hole in a container in 5 seconds. The time taken

for the effusion of the same volume of the gas specified below under identical
conditions is

(a) 10 seconds : He (b) 20 seconds : O,
(c) 25 seconds : CO (d) 55 seconds : CO,

(IIT 1996)
One mole of N,O, (g) at 300 K is kept in a closed container under one atmosphere.

It is heated to 600 K when 20% by mass of N,O, (g) decomposes to NO, (g). The
resultant pressure is
(a) 1-2 atm (b) 2-4 atm (c) 2 atm (d) 1 atm

(IIT 1996)

A column of air 1m’ in cross section extending through the atmosphere has a
mass of roughly 10,000 kg. The atmospheric pressure at the surface of the earth
is

(@) 1x10° N (b) 1x10°k Pa  (c) 1x10° k Pa (d) 1 atmosphere

If the product of the gas constant R i.e., -0821 lit atm/K/mole and NTP temperature
in kelvin equals 22-4, the compressibility factor of the gas at 1 atmospheric pressure
is

(a)>1 (b) <1 (=1 (d)=0

The graph of the quantity d/p against pressure is extrapolated to zero pressure
to obtain a limiting value. If this limiting d/p value for a certain nonideal gas is
found to be 2-86 g/L-atm at 0°C, the molar mass of the gas will be

(a) 2:86 (b) 64-06 (c) 224 (d) none of these

The rms speed of N, molecules in a gas sample can be changed by
(a) an increase in volume of sample

(b) mixing with Ar sample

(c) an increase in pressure on the gas

(d) an increase in temperature

How high must a column of water be to exert a pressure equal to that of a column
of Hg that is 760 mm high
(a) 760 mm (b) 559 mm (c) 74480 mm (d) 10336 mm

In the following graph in which volume is plotted
versus temperature, the lines A, B and C represent
the same mass of the same ideal gas at different
pressures p;, p, and p, respectively.

Alp4)
B(p,)
The correct relationship of pressures is

(@) p1>pr>p; ®) pr=p,=p;
(©) p3>pr>p, (d) pr>p2<ps

C(ps)

Volume —»

Temp. (K)—»
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A 5-0-L reaction vessel contain hydrogen at a partial pressure of 0-588 atm and

oxygen gas at a partial pressure of 0-302 atm. The limiting reactant in the following

reaction

2H, + 0, =2H,0
is
(a) H, (b) O, (c) none of these (d) both (a) and (b)
When a gas is passed through a small hole at a temperature greater than its critical
temperature, Joule-Thomson effect will show
(a) cooling of the gas (b) warming of the gas
(c) no change in temperature (d) first cooling and then warming
Which of the following statements is wrong?

(a) Critical temperature is the highest temperature at which condensation of a
gas is possible.

(b) Critical pressure is the highest pressure at which a liquid will boil when
heated.

(c) Boyle temperature is the temperature at which the second virial coefficient is
zero.

(d) Inversion temperature is the temperature above which the gas becomes cooler
during Joule-Thomson expansion.

Which of the following choice (s) is (are) correct for a gas?

(a) Pideal > Preal (b) Videal > Vreal

(C) Pideal < Preal (d) Videal < Vreal

Which of the following volume (V) — temperature (T) plots represents the behaviour

of one mole of an ideal gas at one atmospheric pressure?

A /
Vo (38.8 L, 373 K) Vo

(28.6 L, 373 K)

(a) — (b)
A —
(2241, /
273 K) (204 L,
273 K)
T(E) T(R)
V(L) A V(L) A

(30.6 L, 373 K)

© (@)
(2241, 2 (14.2L, 373 K)
273 K) Vol \,

(2241,
- 273 K)

T(K) T(R>




53.

54.

55.

56.

57.

Properties of Gases 363

According to kinetic theory of gases

(a) collisions are always elastic.

(b) heavier molecules transfer more momentum to the walls of container.
(c) only a small number of molecules have very high velocity.

(d) between collisions, the molecules move in straight lines with constant velocity.
(IIT 2011)

For 1 mole of van der Waals gas when b =0 and T=300 K. The pV vs 1/V plot
is shown below. The value of ‘2’ in atm L mol ™ is
24.6 1
T 23.14
PV 21.64
4 L
(Latm mol™") 201 | !
| |
| |
| |
| |
| |
I
2.0 3.0
1V s
(mol L")
(a) 1.0 (b) 4.5 (c) 1.5 (d) 3.0 (IIT 2012)

[Hint: If b=0, van der Waals eqn. is pV+%: RT. Calculate slope of the plot.]

For gaseous state if most probable speed is denoted by C*, average speed by c
and root square speed by C, then for a large number of molecules, the ratio of
these speeds are

(@) C*:C:C=1.225:1.128:1 (b) C*:C:C=1.128:1.225:1

() C*:C:C=1:1.128:1.225 (d) C*:C:C=1:1.225:1.128
(IIT 2013 Main)

[Hint: See text.]

If Z is compressibility factor, van der Waals equation at low pressure can be
written as

RT a
(a)Z=1+p_b (b)Z=1—VRT
©z=1-1 @ z=1+22 (IIT 2014 Main)
SE=ITRT “UTRT -

[Hint: Read Modern Approach to Physical Chemistry, Vol. I, Ch. 1.]

An ideal gas in thermally insulated vessel at internal pressure p,, volume, V, and
absolute temperature T, expands irreversibly against zero external pressure as
shown in the diagram.
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pext= 0

pext= 0

PiviTy PoV,T,

Thermally insulated

The final internal pressure, volume and temperature of the gas are p,,V, and T,
respectively. For this expansion

(@) g=0 (b) T,=T,

(c) P,V,=P,V, (d) PVI=P, V! (IIT 2014 Adv.)

X and Y are two volatile liquids with molar weights of 10gmol "' and
40 g mol ™" respectively. Two cotton plugs are soaked in X and other soaked in
Y are simultaneously placed at the ends of a tube of length L =24 cm, as shown
in the figure. The tube is filled with an inert gas at 1 atm pressure and a
temperature of 300 K. Vapours of X and Y react to form a product which is first
observed at a distance d cm from the plug soaked in X. Take X and Y to have
equal molecular diameters and assume ideal behaviour for the inert gas and the

two vapours.

Cotton wool Cotton wool
soaked in X L=24cm soaked in Y

1) —

Initial formation of the product

The value of 4 in cm as estimated from Graham'’s law is

(a) 8 (b) 12

() 16 ) 20 (IIT 2014 Adv.)
Refer to Q. 58. The experimental value of d is found to be smaller than the estimate
obtained using Graham’s law. This is due to

(a) larger mean free path of X compared to that of Y.

(b) larger mean free path of Y compared to that of X.

(c) increased collision frequency of Y with the inert gas as compared to that of X
with the inert gas.

(d) increased collision frequency of X with the inert gas as compared to that of Y
with the inert gas. (IIT 2014 Adv.)

One mole of a monoatomic real gas satisfies the equation p(V —b) = RT, where b
is a constant. The relationship of interatomic potential V(r) and interatomic distance

r for gas is given by
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(@ V() (b) V(r)
o) : 0 .
(c) V() d) V()

o : 0 .

(IIT 2015 Adv.)

61. Two closed bulbs of equal volume (V) containing an ideal gas initially at pressure

62.

p; and temperature T, are connected through a narrow pipe of negligible volume

as shown in the figure below. The temperature of one of the bulbs is then raised
to T,. The final pressure p, is

T I T ! T a T H
(a) 29— (b) 2p;| ==
"T,+T, "NT,+T,
TlTZ TlTZ
d) p:
<c>2pz[Tl+72J (d) ,[T1+75

(IIT 2016 Main)
[Hint: p(2V)=nRT, pV =n,RT,

pV = 1,RT, and n =n, +n,]
If x gram of a gas is adsorbed by m gram of adsorbent at pressure p, the plot of
log% versus log p is linear. The slope of the plot is
(n and k are constants and n> 1)
(@) log k ®)

(c) 2k (d) n (IIT 2018 Main)
[Hint: Read Ch. 12, Adsorption of gases on solids]
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Answers

1-d, 2-c, 3-b, 4-c, 5-b, 6-d, 7-a, 8-a, 9-a, 10-c, 11-b, 12-c, 13-d, 14-a, 15-c,
16-d, 17-a, 18-a, 19-d, 20-a, 21-b, 22-c, 23-c, 24-a, 25-a, 26-a, 27-b, 28-a,
29-b, 30-a, 31-a, 32-d, 33-b, 34-b, 35-c, 36-b, 37-d, 38-c, 39-b, 40-b, 41-b,
42-b, 43-c, 44-b, 45-d, 46-d, 47-c, 48-a, 49-b, 50-d, 51-a & d, 52-c, 53-a,
54-c, 55-c, 56-b, 57-a, b & ¢, 58-c, 59-d, 60-c, 61-b, 62-d.

Q



CHAPTER THIRTEEN

DILUTE SOLUTION AND COLLIGATIVE
PROPERTIES

A solution is a homogeneous mixture of chemical species. The solutions are
of several types but we shall discuss here mainly the solutions containing a
solid solute and a liquid solvent. The distinction between a solute and a
solvent is an arbitrary one. However, the constituent present in the greater
amount is generally known as the solvent, while those present in relatively
smaller amounts are called the solutes.

Concentration Units

The concentrations of solutions may be expressed in the following common
sets of units.

1. Molarity: The molarity of a solution is the number of moles of solute
present in one litre of the solution. It is expressed by "M’.

2. Demal unit: The concentrations are also expressed in Demal units. One
demal unit represents one mole of solute present in one litre of the solution
at 0°C. It is expressed by ‘D’.

3. Molality: The molality is defined as the number of moles of the solute
present in 1000 g of the solvent. It is symbolised by ‘m’.

4. Normality: The normality is the number of equivalents of solute
present in one litre of the solution. It is expressed by 'N".

5. Formality: The formality is the number of gram-formula weights of the
solute per litre of the solution. It is expressed by ‘F.

6. Mole fraction: The ratio of the number of moles of the solute to the
total number of moles of the solution is known as mole fraction of the solute.
Similarly, the ratio of the number of moles of the solvent to the total number
of moles of the solution is called mole fraction of the solvent.

If x; and x, represent the mole fraction of the solute and the solvent
respectively, we have,

o &3
and x, =

X = s
ny+n, ny+n,

where n, and n, are the number of moles of the solute and the solvent
respectively present in a solution.

7. Percentage: The concentration in percentage is generally expressed in
three ways:
(i) weight of solute in grams per 100 mL of solution

367
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(ii) weight of solute in grams per 100 g of solution
(iii) volume of solute in mL per 100 mL of solution

Dilute Solution or Ideal Solution

An ideal solution is that which is formed by dissolving such a small amount
of the nonvolatile solute in the solvent that there is no absorption or evolution
of heat. For such solutions,

vapour pressure of the solvent in the presence of solute e« mole fraction
of the solvent

or Psolution ° Xsolvent

or Psolution = Psolvent - Xsolvent

Psolvent 1S the proportionality constant representing the vapour pressure
of the pure solvent.

The above relation is known as Raoult’s law. Any solution obeying this
law is called an ideal solution.

Colligative Properties
Dilute solutions have the following related properties:

(i) vapour-pressure lowering

(i) osmotic pressure

(iii) freezing-point depression

(iv) boiling-point elevation

All these properties have the common characteristic that they do not
depend upon the nature of the solute present but only on the number of the
solute particles. Since these properties are bound together through their
common origin they are called colligative properties (In Latin: co-together,
ligare—to bind). We shall first take up those solutes which are nonvolatile and
do not undergo dissociation or association.

Vapour-Pressure Lowering: Raoult’s Law
The vapour pressure of a liquid is the pressure (partial pressure) exerted by
a vapour in equilibrium with its liquid. The addition of solute particles lowers
vapour pressure of the solvent.

We know that,

lowering in vapour pressure of the solvent o< mole fraction of solute

0_ 1 o !
PP 1y + 1,
o, _ o ™M
P P=P ny+n,
0_ n n
or p OP - T ()

p 7’!1 + nz nZ
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where p’ and p are the vapour pressures of the pure solvent and that of the
solvent in the presence of solute. (n° —p)/p’ is known as relative lowering of
vapour pressure. The above relation is known as Raoult’s law.

Determination of Lowering of Vapour Pressure

(i) Differential tensimeter method (static method)

(i) Isopiestic vapour-pressure method

(iii) Gas-solution method (dynamic method)

The dynamic method was suggested by Ostwald and Walker. Dry air is
bubbled successively through the (i) solution (ii) the pure solvent, and (iii) a
substance absorbing solvent vapour, e.g., CaCl, for water solvent. We have
thus

p’—p _ lossinweightof solvent

P’ gain in weight of CaCl, -

Raoult’s Law in Binary Solution
Raoult’s law can also be applied to an ideal binary solution in which both
components are volatile. A binary solution is said to be ideal when there is
no absorption or evolution of heat when the two volatile liquid components
are mixed to form the solution. If x, and x represent the mole fraction of the
two components ‘A’ and ‘B’ in liquid respectively, we have, from Raoult’s
law, the following relations for each of the components.
Partial vapour pressure of component A; p,=x,.p%
and partial vapour pressure of component B; pz=1x5. pg} - @

where pf and p, are the vapour pressures of pure liquid components ‘A" and
‘B’ respectively. The total vapour pressure of the solution, p will thus be,

p =% PatXp - Phe )
Since x,+xp=1
p=2api+ (1=22) Py
=P+ Xa (P4~ Pb).
Thus the addition of a solute may raise or lower the vapour pressure of
the solvent, depending upon which one is more volatile.

Now it should be remembered that molar ratio of the two components in
the liquid and in its vapour would not be the same, that is, the mole fraction of
each component would therefore be different in the liquid and its vapour. It
is a general fact that when an ideal binary solution is in equilibrium with its
vapour, the vapour is always richer than the liquid in the more volatile
component of the system.
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If x) and x% represent the mole fraction of the components ‘A" and ‘B’
in the vapour respectively, we have from Dalton’s law of partial pressure

Xy = Pa
Tp
.. (4)
and Xy = Py
p
from which we can derive the following relation:
1 X X
— =t ... 5

Raoult’s law for an ideal solution of two volatile components, A and B,
can be represented graphically. In the following graph, B is supposed to be
more volatile than A(p}>p%).

P% P=pp* Pg
T p°
o Ps A
5
7]
%]
o
a
5
5]
a
g Pa
O
o1 - Xg 0
O Xy — 1

Nonideal or Real Binary Solutions

The nonideal binary solutions are those in which none of its components obeys
Raoult’s law of vapour pressure. Such solutions are of the following types:
Type I: The total pressure of the binary mixture is greater than the vapour
pressures of either of the pure liquid components. Such solutions are said to
show positive deviation from Raoult’s law and boil at a lower temperature
than either of the components. Examples are water—propyl alcohol, ethyl
alcohol-chloroform, acetaldehyde-carbon disulphide mixtures, etc.

Type II: The total vapour pressure of the binary mixture is less than the
vapour pressures of either of the pure liquid components. Such solutions are
said to show negative deviations from Raoult’s law and boil at a higher
temperature than either of the components. Examples are water—-HCI,
water-H,50, , water-HNO, , acetone—chloroform, etc.

Azeotropic Mixture

An azeotropic mixture is a mixture of two real, miscible liquids which boil
and distil at a constant temperature without undergoing any change in
composition. In case of type I solutions, minimum-boiling-point azeotrope is
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formed while in case of type II solutions, maximum-boiling-point azeotrope
is formed. An azeotropic mixture cannot be separated into pure components
by fractional distillation.

A liquid mixture which distils with a change in composition is called a
zeotropic mixture.

Osmotic Pressure

When a solution and its solvent are separated by a semipermeable membrane,
the excess pressure applied to the solution to just stop osmosis is known as
osmotic pressure of the solution.

Osmotic pressure o< molar concentration at a temperature T

or p:%RT:cRT [c:%]z ... (6)

where 71 is the number of moles of solute and V is the volume of solution in
litres. n/V is thus the molar concentration.

Isotonic Solutions

Solutions having the same osmotic pressure at the same temperature are
known to be isotonic. Isotonic solutions have the same molar concentrations.

Hypertonic and Hypotonic Solutions

For two solutions, the one having higher osmotic pressure is called a
hypertonic solution, and the other with the lower value of osmotic pressure
is called a hypotonic solution.

van’t Hoff’s Law of Osmotic Pressure

A substance in dilute solution behaves exactly like a gas and the osmotic
pressure of a solution is equal to the pressure which the solute would exert
if it were a gas at the same temperature and occupied the same volume as
that occupied by the solution.

Determination of Osmotic Pressure

(i) Pfeffer’'s method
(ii) Morse and Frazer’s method

(iii) Berkeley and Hartley’s method

Freezing-Point Depression
Depression in f.p. e« molal concentration ()

ATf o< m Or ATf:Kfm (7)

If n is the number of moles of the solute and W, the weight in grams of
n

h i =
the solvent, m e

%1000 (moles of solute per 1000 g of the solvent).
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Ky is the molal depression constant or cryoscopic constant of the solvent,

which is defined as the depression in f.p. produced when 1 mole of the solute
is dissolved in 1000 g of the solvent.

Ky may also be calculated from the following thermodynamically derived
equation
RT?
K=+,
/71000
where T is the freezing point of the solvent and [ is the latent heat of fusion
per gram of solvent.

Determination of ATf

(i) Beckmann’s method

(ii) Rast’s method

Boiling-Point Elevation
Elevation in b.p. o< molal concentration
ATh o< m
or ATy = K,.m ... (8)
K} is known as the molal elevation constant or ebullioscopic constant of
the solvent.
RT?
10001, *

where T is the boiling point of the solvent and I, is the latent heat of

Kp may be calculated from the equation: K, =

vaporization per gram of the solvent.
Determination of AT,

(i) Landsberger’s method
(ii) Cottrell’s method

Molecular Weight of Nonvolatile Solute

As we see that all the equations (1, 5, 6 and 7) on colligative properties contain
a term ‘n’, the number of moles of the solute, we can calculate molecular
weight of the solute by substituting

weight in grams

number of moles = molecular weight

or n=-7in the said equations.

The following figure shows the vapour pressure versus temperature
curves of a pure solvent and a solution of a nonvolatile solute, under a
constant total pressure of 1 atm. The vapour pressure of the solid solvent is
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unaffected by the presence of solute if the solid freezes out without containing
a significant concentration of solute, as is usually the case.

| atm

I
|
| |
Pure liquid : I
solvent | |
L
§ | |
g Solution | I
5 | |
2 | Pure solid o . : I
§ solvent Boiling p_omt of i |
solution | |
y | |
! I Freezing point Boiling point of | I
| of solution solvent | |
I I Freezing point ! !
L _of solvent I I
= RN

ATy Temperature ATy

Abnormal Colligative Properties

van’t Hoff Factor (i)

We have so far discussed ideal solutions containing the solute which neither
undergoes dissociation nor association. In case where the solute undergoes
dissociation or association, the number of solute particles change as a result
of which abnormal results are obtained for colligative properties and
molecular weights of solutes as the colligative properties depend upon the

number of solute particles.

In order to account for such abnormal results, van’t Hoff introduced a

factor ‘i’ known as van’t Hoff factor, expressed as

observed magnitude of any colligative property

= normal magnitude of the same colligative property -0
as mol. wt. and colligative
properties are inversely
related

normal molecular weight

observed mol. weight

i’ can also be calculated as

moles of solute particles after dissociation/association

i= ... (10)

moles of solute particle originally taken

B observed molality
" calculated molality ’
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[Note: The following unit combinations must be remembered.]

cgs SI Nonsystem Units
R erg K™' mole™! JK™! mole™! lit. atm K~ ' mole ™"
p dyne/ cm? pascal (N/ m?) atm
V | cc m’ litre
c mole/1000 cc mole/m?’ mole/litre
T K K K
M | g/mole kg/mole g/mole

EXAMPLES

Ex. 1. 5 g of NaCl is dissolved in 1000 g of water. If the density of the resulting

solution is 0-997 g per cc, calculate the molality, molarity, normality and mole
fraction of the solute.

Solution : Mole of NaCl = 585—5 =0-0854 (mol. wt. of NaCl = 58-5)

By definition:

Molality = moles

wt. of solvent in grams X 1000

0-0854
=000 %X 1000 = 0-0854 m.
wt. in grams 1005

Volume of the solution =

density in grams/cc 0997 **
=1008 mL =1-008 litres.
Again by definition
moles _ 0-0854
volume of solution in litres ~ 1.008
normality =0-085 N (for NaCl, eq. wt. = mol. wt.)

Further, moles of H,O = % =55-55

(per 1000 g)

molarity =

=0-085 M.

(Supposing 1 mL =1 g for water having density 1 g/mL)
Total moles = moles of NaCl + moles of H,O
=0-0854 + 5555 = 55-6409.
moles of NaCl  0-0854
total moles  55.6409

=153x10"%

Mole fraction of NaCl =

Ex. 2. A solution of ethanol in water is 10% by volume. If the solution and pure

ethanol have densities of 0-9866 g/cc and 0-785 g/cc respectively, find the per
cent by weight.
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Solution : Volume of ethanol = 10 mL; vol. of solution = 100 mL.
Weight of ethanol = volume x density
=10x0785=785g.
Weight of solution =100 x 0-9866 = 98-66 g.

98-66

weight per cent = x 100 = 7-95%.

Ex. 3. Calculate the molarity of water.
Solution : Supposing the density to be 1, one litre of water
weighs 1000 g or % moles (H,O = 18).
1000

molarity = BT 55.55 M.

(moles/litre)

Ex. 4. Calculate the molality and molarity of a solution of ethanol in water if the
mole fraction of ethanol is 0-05 and the density of solution is 0-997 g/cc.

Solution :
5 e fracti ¢ C.H.OH = moles of C,H;OH
ince mo'e fraction of Tots = moles of C,H:OH + moles of H,O
5
=005=950"

.. 100 moles of solution contain 5 moles of C,H;OH.
Weight of C,H;OH = moles X mol. wt.
=5x46=230g.
Weight of H,O=95x18=1710 g.
. weight of solution =230 +1710=1940 g.
940
0-997

Volume of solution = cc =1945-8 mL = 1-9458 litres.

molality = % x 1000 = 2:92 m.

Molarity = =257 M.

1-9458

Ex. 5. Calculate the molality and molarity of a solution made by mixing equal
volumes of 30% by weight of H,SO, (density = 1218 g/mL) and 70% by
weight of H,SO, (density = 1-610 g/mL).

Solution : Suppose that the solution contains 100 mL of each variety of
H,SO,. Total volume is, therefore, 200 mL or 0-2 litre.
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Wt. of 100 mL of H,SO, solution (30%) = 1-218 x 100
~1218g
and wt. of 100 mL of H,SO, solution (70%) =1-610 x 100
=1l6lg.
Wt. of H,S0, (30%) =121-8 x % =36:54 g.

Wt. of H,SO, (70%) =161 x % =112-7 g.

Total wt. of H,SO, (solute) =36-54 + 1127 =149-24 g.
wt. of H,O (solvent) = wt. of solution — wt. of solute
=(121-8 +161) — 149-24
=133-56 g.
14924

Moles of H,SO, = =1.5228 (mol. wt. of H,50, = 98)

1-5228
133-56

Molality = % 1000 = 11-4 n.

Ex. 6. The density of 3 M solution of sodium thiosulphate (Na,S,03) is 1-25 g/mL.
Calculate
(1) amount of sodium thiosulphate
(ii) mole fraction of sodium thiosulphate

(iii) molality of Na™ and S,03~ ions

Solution : (i) Let us consider one litre of sodium thiosulphate solution.
. wt. of the solution = density x volume (mL)
=1-25x1000 = 1250 g.
Wt. of Na,S,0; present in 1 L of the solution
= molarity X mol. wt.
=3x158=474¢.
Wt. % of Na,S,0;= A7 x 100 = 37-92%.
1250
(if) Wt. of solute (Na,S,0;) =474 g.
474
Moles of solute = 58 3.
Wt. of solvent (H,0)=1250-474=776 g.
Moles of solvent = 71—786 =43-11.
3

*. mole fraction of Na,5,0; = FYWTRTE 0-063.
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moles of Na,S,0,

(iii) Molality of Na,S,0; = Wt of solvent in grams %1000

3
=776 % 1000 = 3-865 m.

1 mole of Na,S,0; contains 2 moles of Na* ions and 1 mole
of 5,03 ions.

molality of Na* =2 x3-865="7-73 m.

Molality of S,0,%~ = 3-865 .

Ex. 7. One litre of milk weighs 1-035kg. The butter fat it contains to the extent of
4% by volume has a density of 875 kg/m’. Find the density of the fat-free

‘skimmed’ milk. (1 m® = 10> litres)

Solution : Weight of 1 m® milk =1-035 x 10° = 1035 kg.
Weight of the fat in 1 m® of milk =0-04 x 875 kg.
(1 m® milk contains 0-04 m> of fat) =35 kg.
_ wt. of skimmed milk
vol. of skimmed milk

(1035 -35) kg
C 1-004H)m’

density of skimmed milk

=1042 kg/m”.

Ex. 8. Calculate the molality of a 1-litre solution of 93% H,SO, (wt./vol.). The
density of the solution is 1-84 g/mL. (IIT 1990)
Solution : The solution is 1000 mL, containing 930 g of H,SO, .

The weight of the solution will be 1840 g. The weight of the solvent (H,O)
will, therefore, be (1840 — 930), i.e., 910 g.
mole of H,SO,
wt. of H,O (g)

93098
~ 910

molality = x 1000

x 1000 = 10-428 m.

Ex. 9. Calculate the concentration of NaOH solution in g/mL which has the same
normality as that of a solution of HCI of concentration 0-04 g/mL.

Solution : Equivalents of HCl/mL = (?36—0;1 (eq. wt. of HCI = 36:5)

=0-001095 eq.
normality of HCl=eq. of HCl/1000 mL =1-095 N.
normality of NaOH =1-095N.
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- /1000 mL of NaOH =normality xeq. wt.
(eq. wt. of NaOH = 40)
=1-095 x 40 =43-8.
". concentration of NaOH solution in g/mL =0-0438 g/mL.

Ex. 10. In which mode of expression, the concentration of solution remains
independent of temperature?
(a) Molarity ~ (b) Normality  (c) Formality — (d) Molality ~ (IIT 1988)

Solution : Since in the expression of molality, we take moles of solute per
1000 g of solvent and the mass is independent of temperature, the answer

is (d).

Ex. 11. The vapour pressure of benzene at 25°C is 639-7 mmHg and the vapour
pressure of solution of a solute in benzene at the same temperature is
631-9 mm of mercury. Calculate the molality of the solution.

Solution : We have,

0
p-p_"
=— ... (Egn. 1
TS (Eqn. 1)
n; moles of solute 6397 —631-9
or n, moles of solvent 6397 00122.

Thus 1 mole of solvent (C4H) contains 0-0122 mole of solute, or 78 g of
solvent (C¢Hy) contains 0-0122 mole of solute (C.Hy="78)

molality = % x 1000 = 0-156 m.

Ex. 12. The vapour pressure of pure benzene at a certain temperature is 640 mmHg.
A nonvolatile nonelectrolyte solid weighing 2-175 g is added to 39 g of benzene.
The vapour pressure of the solution is 600 mmHg. What is the molecular weight

of the solid substance? (IIT 1990)
Solution : We know,
0
p—p n
T=m ... (Eqn. 1)

Given that p” =640 mm, p =600 mm
2:175 39
v N7
(M is the mol. wt. of the solute)
640 -600  2-175/M
640 2175

M T0°

n (C,H, =78)

; M =65-25.
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Ex. 13. The vapour pressure of H,O is 23-756 mmHg at 25°C. What is the vapour
pressure of a solution of 28-5 g of sucrose, C1,H,,0y; (342) in 100 g of H,O?

28.
Solution : Mole of sucrose = 285 =0-0834.

342
Moles of H,O = % =5.55.
. 0-0834
-. mole fraction of solute= ————
0-0834 + 5-55
=0-0148.
We have,
P -p
5 = mole fraction of solute ... (Eqn. 1)
23-756 - p
———=0-0148
23756
p =23-404 mm.

Ex. 14. The vapour pressure of a dilute solution of glucose (C¢H;,O;) is 750 mmHg
at 373 K. Calculate (i) molality, and (ii) mole fraction of the solute.

(IIT 1989)
no_p'-p
Solution : Mole fraction of solute = ——=—; ... (Eqn. 1)
n+N p
n 760 — 750

.. for n = 0-0132, (n + N) should be 1.
*. mole of H/O=1-0-0132=0-9868.

Wt. of H,O=0-9868 x 18 =17-763 g.

0-0132

17-763

molality= x 1000 = 0-7404 m.

Ex. 15. Calculate vapour pressure of a 5% (by weight) solution of water in glycerol
(mol. wt. 92-1) at 100°C, assuming Raoult’s law to be valid and neglecting the
vapour pressure of glycerol.

Solution : Since pure water boils at 100°C, and b.p. is defined as that
temperature at which the vapour pressure of the liquid is equal to
atmospheric pressure, i.e., 760 mm, the vapour pressure of pure water at
100°C is 760 mm.

In this problem since glycerol (92-1) is the solute and water is the solvent
and their weight per cents are 95% and 5% respectively, Raoult’s law
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cannot be applied as the solution is not at all dilute. But according to the
question, we apply Raoult’s law

0
pP-p__ ™ |
po S ... (Eqn. 1)

95
Here p’=760 mm, n; =mole of glycerol=92—1 supposing the
"~ L weight of the
n,=mole of water =18 solution as 100 g

Substituting in Eqn. (1), we get p=161-2 mm.

Ex. 16. Calculate the molal lowering of vapour pressure for H,O at 100°C.

Solution : Molal lowering of vapour pressure is the lowering of vapour
pressure of water when 1 mole of the solute is dissolved in 1000 g of the
solvent (H,0). Further, vapour pressure of pure water (p°) at 100°C will
be 760 mm as 100°C is its boiling point.

Now we have,

lowering of v.p. = po -p= po (n INJ

n
ZPOLNJ
n=1

1
:76OXM N= 1(1)20

=13-68 mm.

Ex. 17. The vapour pressure of pure benzene at 88°C is 957 mm and that of toluene
at the same temperature is 379-5 mm. Calculate the composition of a
benzene—toluene mixture boiling at 88°C.

Solution : Since the b.p. is that temperature at which the vapour pressure of
the liquid is equal to the atmospheric pressure, i.e., 760 mm.

we have,
p=x4.p%+x5. 0% ... (Eqn. 3)
760 = Yhenzene 957 +x toluene 379-5
As Ypenzene T Ytoluene = 1

760 = 957X, 1 sene + 3795 (1 = Xpersene)
= 0-6589.

Ybenzene

Ex. 18. The vapour pressure in mmHg of a CH;OH-C,H;OH binary solution, p,
at a certain temperature is represented by the equation
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p=254-119x,
where x is the mole fraction of C,HsOH. Find the vapour pressure of the pure
components.

Solution : We have,
p=2x,. PO+ 0 ... (Eqn. 3)

or P =XCH,0H - pOCHSOH +XC,H,OH - pOCZHSOH
or p =1 ~xcn.0n) Peron +XcH0H - P'CHOH
or p =P cron ~ (Pcron—Pcom) Yo om-
Comparing this equation with the given equation, we get,

POCHSOH =254 mm
and  p’eon - Poa.0n =119 mm

P'cmon =254 - 119 = 135 mm.

Ex. 19. A solution is prepared by dissolving 10 g of nonvolatile solute in 180 g of
H,O. If the relative lowering of vapour pressure is 0-005, find the mol. wt. of
the solute.

Solution : Suppose the mol. wt. of the solute is M.

10
Moles of solute = M
1
Mole of solvent (H,O) :%0 =10.
oM 1

10 ., M+1

M

We know, relative lowering of vap. pressure

Mole fraction of solute =
10

=mole fraction of solute

1
0-005=——
M+1

M =199.

Ex. 20. Benzene and toluene form an ideal solution. The vapour pressure of benzene
and toluene are respectively 75 mm and 22 mm at 20°C. If the mole fractions
of benzene and toluene in vapour are 0-63 and 0-37 respectively, calculate the
vapour pressure of the ideal mixture.

Solution : Since the mole fractions of the components given in the problem
are of the vapour which is in equilibrium with the ideal mixture, we
have,
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1

E:a @ ... (Eqn. 5)
1_063, 037

p 75 22

p =39-65 mm.

Ex. 21. The vapour pressures of benzene and toluene at 20°C are 75 mmHg and
22 mmHg respectively. 23-4 g of benzene and 64-4 g of toluene are mixed. If
the two form an ideal solution, calculate the mole fraction of benzene in the
vapour phase if the vapours are in equilibrium with the liquid mixture at the
same temperature.

23-4
Solution : No. of moles of benzene in liquid = 78 = 0-3. (CH=78)

4-4
No. of moles of toluene in liquid = 644 _ 0-7. (C¢HsCH, = 92)

92
mole fraction of benzene = _ 03 _ 0-3.
0-3+07
mole fraction of toluene = 07 =07.
0-3+07
Partial pressure of benzene =75x0-3 =22-5 } .. (Eqn. 2)
Partial pressure of toluene =22 x0-7 =154
Total pressure =225 + 15-4 = 37-9 mm.
. . partial pressure
Mole fraction of benzene in vapour phase = ———=————— ... (Eqn. 4)

total pressure

= 25 =0-59.
379

[Note: Mole fraction in vapour can also be calculated using Eqn. 5.]

Ex. 22. Cyclohexane and ethanol at a particular temperature have vapour pressures
of 280 mm and 168 mm respectively. If these two solutions having the mole
fraction value of cyclohexane equal to 32 are mixed and the mixture has a total
vapour pressure of 376 mm, will the mixture be an ideal solution?

Solution : Mole fraction of cyclohexane =0-32.
o mole fraction of ethanol =1 -0-32=0-68.
Thus,
p =280 x 0-32 + 168 X 0-68 .. (Eqn. 3)
=203-84 mm.
For the solution to be an ideal one, the vapour pressure should be
203-84 but as the given value of vapour pressure is 376 mm, the solution
is not ideal.
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Ex. 23. Two liquids A and B form an ideal solution. At 300 K, the vapour pressure
of a solution containing 1 mole of A and 3 moles of B is 550 mmHg. At the
same temperature, if one mole of B is added to this solution, the vapour pressure
of the solution increases by 10 mmHg. Determine the vapour pressure of A
and B in their pure states.

Solution : Mole fraction of A = L = 1 .
1+3 4
Mole fraction of B = 3 = 3 .
1+3 4
Applying Eqn. 3 we get,
1
550=prOA+%p%. (D
When one more mole of B was added to the solution:
. 1 1
Mole fraction of A = 174°5
. 4 4
Mole fraction of B = 122°5
Again applying Eqn. (3), we get,
1 4
550+10=§p%+§pg )
From (1) and (2), we get,
pg: 400 mm
py= 600 mm.

Ex. 24. Benzene and toluene form mnearly ideal solutions. If at 300K,
P rotuene = 32:06 mm and p’penzene = 103-01 mm,
(a) calculate the vapour pressure of a solution containing 0-6 mo lefraction
of toluene
(b) calculate the mole fraction of toluene in the vapour for this composition
of liquid
Solution : (a) We have,
P=%Xa.PA+Xp . Ph- ... (Egn. 3)
Given that  Xgjyene = 06, Xpenzene= 1 — 0-6 =04
p=0-6 x32:06 +0-4 x 103-01

= 60-44 mm.
Again we have,
1 Xy g
—==+t ... (Eqn. 5)
P Pa Pe
1 _ xltoluene xlbenzene

60-44  32:06 103-01
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But  X'toluene + X'benzene= 1.
1 _ *toluene . 1= %'oluene
60-44 32-06 103-01
¥toluene = 0-3182.

Ex. 25. A very small amount of a nonvolatile solute (that does not dissociate) is
dissolved in 56-8 cm® of benzene (density 0-889 g cm™). At room temperature,
vapour pressure of this solution is 98-88 mmHg while that of benzene is
100 mmHg. Find the molality of this solution. If the freezing temperature of
this solution is 0-73 degree lower than that of benzene, what is the value of
molal freezing-point depression constant of benzene? (IIT 1997)

Solution : We have,
0

p-—p_1n
, N
100 - 9888 _ _ n N - 208x0889 -y
100 0-6474 78
n = 0-00725.
000725 x 1000
Molality = $00725x1000 _ o /e
Oy = 8 % 0889 "
Further,
AT, 073
¥
O L B
F = Tm T 01435

Ex. 26. The molar volume of liquid benzene (density = 0-877 g/mL) increases by
a factor of 2750 as it vaporises at 20°C and that of liquid toluene (density =
0-867 g/mL) increases by a factor of 7720 at 20°C. A solution of benzene and
toluene at 20°C has a vapour pressure of 46 torr. Find the mole fraction of

benzene in the vapour above the solution. (ITT 1996)
: . 78
Solution : The volume of 1 mole of C(H, (liquid) = 0877 mL.
The volume of 1 mole of C;Hy (vapour) = %2750 mL

0-877
244.58 litres

for 1 mole of C¢H, vapour at 20°C,

pyV = RT
0821 x 2
Py = % atm = 7475 mm.

Similarly for 1 mole of C;H;CH; vapour at 20°C,
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o 00821 %293 atm = 22.32 mm.

pr = @

0-867 1000
Now,

1_% ., (1-x)

Poop pi

1 Xy 1-xj

16 " 7475 T 232

x, = 07336.

Ex. 27. Benzene and toluene form mnearly ideal solutions. At 300K,

Potene = 32:06 mm and pponsene = 103-01 mm.

(a) A liquid mixture is composed of 3 moles of toluene and 2 moles of
benzene. If the pressure over the mixture at 300 K is reduced, at what
pressure does the first vapour form?

(b) What is the composition of the first trace of vapour formed?

(c) If the pressure is reduced further, at what pressure does the last trace
of liquid disappear?

(d) What is the composition of the last trace of liquid?

Solution : (a) p = % X 32:06 + % x 103-01 ... (Eqn. 3)
= 60-44 mm.
1 X (1-x)
b = ... (Eqn. 5
®) 60-44  32-06 * 103-01 (Eqn. 5)
x, = 0-3181.
3 2
1 5 5
- = .. (Egn. 5
© p ~ 3206 ' 10301 (Eqn. 5)
p = 4425 mm
(d) 4425 = x,x3206 + (1-2x,)10301 ... (Eqn. 3)
%, = 0-8281.

Ex. 28. Calculate the osmotic pressure of a decinormal solution of cane sugar at
0°C.
n .
Solution : — = molar concentration = 0-1 M

v
R =0-0821it - atm/K/ mole; T = 273 K
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We have, p= % RT ...(Eqn. 6)

p=0-1x0-082x273
=2-24 atm.

Ex. 29. An aqueous solution contains 10 g of glucose (mol. wt.=180) per 0-5 L.
Assuming the solution to be ideal, calculate osmotic pressure at 25°C.

. 10 1
Solution : Mole of glucose = 180°-18 V=05L
R = 0-082 lit - atm/K/mole T = 273 + 25 = 298 K.
We have,
n
p= V RT
1/18
=———x0-082x298
05 )
=2715 atm.

Ex. 30. A solution of 1.73 g of “A” in 100 cc of water is found to be isotonic with
a 3-42% (wt./vol.) solution of sucrose (C,,H,Oy,). Calculate molecular weight
of A. (C;;Hy0,, =342)

Solution : We know that the isotonic solutions have the same molar
concentration (i.e., moles/lit).
Let the molecular weight of A be M.
1.73

Moles of A = W

173 /1000 173

*. molar conc. of A (moles/litre) = M X700 ° M
3-42 1000
Molar conc. of sucrose = 35 %700 =%
17-3
M 01, M=173.

Ex. 31. Calculate the molecular weight of cellulose acetate if its 0-2% (wt./vol.)
solution in acetone (sp. gr. 0-8) shows an osmotic rise of 23-1 mm against pure
acetone at 27°C.

Solution : 0-2 per cent solution means 0-2 g of cellulose acetate
dissolved in 100 mL of solution.

Osmotic pressure =2-31 cm of acetone
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0-80
p=231x m cmHg = 0-136 cmHg.

0-136
P="7¢ atm. (1 atm =76 cmHg)
Suppose M is the molecular weight of cellulose acetate.
-2
n= ?\/I » V=100 mL = 0-1 litre; R = 0-082 lit - atm/K/mole
and T=273+27=300K.
Now, p= % RT ... (Eqn. 6)
0136 _02/M. 4,082 x 300
76 01
M =27,500.

Ex. 32. At 10°C the osmotic pressure of a urea solution is 500 mm. The solution
is diluted and the temperature is raised to 25°C, when the osmotic pressure is
found to be 105-3 mm. Determine the extent of dilution.

Solution : Suppose V litres of the solution contains n moles of the solute at
10°C which was diluted to V, litres at 25°C.
Thus we have,

500 n
760_V1X0082X283 (E...(g
1053 n ... (Eqn.
and 760 "V, x 0-082 x 298 .. (2
Dividing (1) by (2), we get,
1

Thus the solution was diluted 5 times.

Ex. 33. 2 g of benzoic acid, dissolved in 25 g of benzene, produces a freezing-point
depression of 1-62°. Calculate the molecular weight. Compare this with the
molecular weight obtained from the formula for benzoic acid, C;H;COOH.
(K¢=4-90)

Solution : Molality = ... (Eqn. 7)

f
162
49
Suppose the molecular weight of benzoic acid is M.
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moles of benzoic acid = %
. 2 1000 80
. molality (moles/1000 g) = M 5 M
80 1-62
Th = M=241.97.
us M 49 M 9

The actual value of the molecular weight of benzoic acid, from its formula
C¢HsCOQOH, is 122. The observed (experimental) value, ie., 241.97 is

much greater than the normal value because of the association of benzoic

acid in benzene.

Ex. 34. Ethylene glycol, CH,OH - CH,OH, the major component of permanent
antifreeze, effectively depresses the freezing point of water in an automobile
radiator. What minimum weight of ethylene glycol must be mixed with 6 gallons
of water to protect it from freezing at =24°C. (1 gallon =3-785 lit, K;=1-86)?

Solution : We have,
Asz Kf x molality.

AT,
molality = —= = ——=12.90. (f.p. of H,O = 0°C)

Thus,
1 kg of H,0O should contain 12-90 moles of ethylene glycol.
- 227 kg (i.e., 6 gallons) of H,O should contain 12-90 x 22:7 moles
= (1290 x 227X 62) g
=18155 g
=18-155 kg of CH,OH - CH,0OH.
(CH,OH - CH,OH = 62)

Ex. 35. What is the weight of 1 mole of a solute, 0-132 g of which in 29-7 g of
benzene, gave a freezing-point depression of 0-108°C?

(K for benzene =5-12)

ATy 0-108
ion - ity = —f 220
Solution : ~ Molality K =512 ... (Eqn. 7)
. 0-32 1000
and also molality = M 97 ™ (moles per 1000 g)

(M = mol. wt. or wt. of 1 mole of solute)
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Thus,
0-132 1000 0-108
X =
M 29.7 512
M=2112 gmole” 1

Ex. 36. K; for water is 1-86°C - m™ . What is the molality of a solution which freezes
at —0-192°C? Assuming no change in the solute by raising the temperature, at
what temperature will the solution boil? (K, for HyO =0-515°C - m™ ')

AT;
Solution : Molality = —=
Ky
0-192
———~_01
1.86 0-103 m
Again ATy =K, .m ... (Eqn. 8)

=0-515x 0-103 = 0-0532°C.
Assuming the b.p. of pure water to be 100°C the b.p. of the solution will
be 100-0532°C.

Ex. 37. An aqueous solution of urea had a freezing point of —0-52°C. Predict the
osmotic pressure of the same solution at 37°C. Assume that the molar
concentration and the molality are numerically equal. (K= 1-86)

Solution :  Molality = A% _0%2 molarity (given)
Ky 186
Osmotic pressure = c RT
_0=2 x 0-0821 x (273 + 37)
1-86
=71 atm.

Ex. 38. The freezing temperature of pure benzene is 5-40°C. When 1-15g of
naphthalene is dissolved in 100 g of benzene, the resulting solution has a
freezing point of 4:95°C. The molal fp. depression constant for benzene is
5:12, what is the molecular weight of naphthalene?

Solution : Molality = ?f =" 51 - 0-088 mole per 1000 g.

"~ 1000 g of the solvent contains 11-5 g of naphthalene.
weight in grams/1000 g

no. of moles/1000 g
... (Rule 1, Chapter 1)

. mol. wt. of naphthalene =



390 Modern Approach to Chemical Calculations

Ex. 39. An aqueous solution contains 5% and 10% of urea and glucose respectively (by
weight). Find freezing point of the solution. K; for water =1-86.

Solution : We have,
ATy = K¢ x molality
=KyX no. of moles of solute per 1000 g of solvent
5 10 j 1000 { urea = 60 }

=186 [@ T180) 785 305 glucose =180

Since pure water freezes at 0°C, the f.p. of the solution will be -3-03°C.

Ex. 40. A mixture which contains 0-550 g of camphor and 0-045 g of an organic
solute freezes at 157°C. The solute contains 93-46% of C and 6-54% of H by
weight. What is the molecular formula of the compound? (Freezing point of
camphor =178-4°C and K= 37-70)

_AT; 1784157 214
K.~ 3770 3770

If the molecular wt. of solute is M then

Solution : Molality

moles of solute

molality = wt. of solvent in grams > 1000
0-045/M 4500
= o550 < 1000=550
4500 214
Thus, 55M = 3770 M =144-14.
Now, from the given weight % of C and H, we get,
-4
moles of C= —93126 =779
654 (supposing 100 g of the solute)
moles of H= = 6-54

. molar ratio of C and H =7.79:6:54, ie., 1-:2:1, ie., 12:10.
". empirical formula is C;,H;,.
Empirical-formula weight =12 x12 +1 x 10 = 154.

The empirical-formula weight is slightly greater than the molecular
weight which might be due to some molecular change of the solute in
the solvent. However, the molecular formula will be C;,H,,.

Ex. 41. 1000 g of 1 m aqueous solution of sucrose is cooled and maintained at
—3-534°C. Find how much ice will separate out.

K(H,0) = 1-86 K- kg - mol ",

Solution : Let m’ be the molality of the solution after the ice separates out at
-3-534°C.
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Now we have,

AszKf~m’
AT, .
27 3534 1.9
Kf 1-86

Let us now calculate the amount of ice separated.
Initially the molality is 1 m and wt. of solution is 1000 g.
1 mole of sucrose is dissolved in 1000 g of H,O

or 342 g of sucrose is dissolved in 1000 g of H,O.

" 1342 g of solution contained 342 g of sucrose.

342 x 1000 =254-84 g.
42

. 1000 g of solution contained

Amount of H,0=1000~254-84="745-16 g.
Now, when ice separates out, the molality is 1-9 and the weight of sucrose
remains the same as before.
" (1.9 x 342) g of sucrose is present in 1000 g of H,O.
1000 x 254-84

1-9 x 342
=392:18 g of H,O.
Thus amount of ice separated =745-16 —392:18

=35298 g.

254-84 g of sucrose should be in

Ex. 42. If 30 g of a solute of molecular weight 154 is dissolved in 250 g of benzene,

what will be the boiling point of the resulting solution under atmospheric pressure?

The molal boiling-point elevation constant for benzene is 2-61°C -m™ ' and the

boiling point of pure benzene is 80-1°C.

Solution : Suppose the elevation in b.p. is AT,

Molality = 210 _ ATt Eqn. 8
Oalty_Kb_Z-61' ... (Eqn. 8)
0
Moles of solute = 54
molality = 30 X 1000 moles/1000 g of solvent
154 250
AT, 30 _ 1000
Thus, 261 154 250
AT, =2°.

Thus the b.p. of the resulting solution is 80-1 +2 = 82-1°C.
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Ex. 43. A solution containing 0-5216 g of naphthalene (mol. wt. = 128-16) in 50 mL
of CCl, shows boiling-point elevation of 0-402° while a solution of 0-6216 g of
an unknown solute in the same weight of solvent gave a boiling-point elevation
of 0-647°. Find the molecular mass of the unknown solute.

Solution : Suppose the weight of 50 mL of solvent CCl, is W grams.
For the first solution, molality = % x 1000
521-6

T 12816 W'

3 0-402
T 5216/12816 W
As the second solution is prepared in the same weight of solvent,
0-6216/M
W
621-6
WM
, 0647
"T6216/WM
(M is the mol. wt. of the unknown solute.)
Since the solvent in both the solutions is the same,

so for the second solution, molality = %1000

K, =K,
Thus 0402 0647
' 521.6/12816 W~ 621-6/W M
M =94-84,

Ex. 44. A solution of urea in water has a boiling point of 100-18°C. Calculate the
freezing point of the same solution. Molal constants for water K¢ and K, are
1-86 and 0-512 respectively.

Solution : For a solution of molality m, we have,
AT, AT,

m= =
K ~ K,

...(Egns. 7 and 8)

K,
AT, = AT, fi; (AT, =100-18 — 100 = 0-18°)

1-86
0-512

As the f.p. of pure water is 0°C, the f.p. of the solution will be
-0-654°C.

=018 x

=0-654°.
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45. The b.p. of a solution of 5 g of sulphur in 100 g of carbon disulphide is
0-476° above that of pure solvent. Determine the molecular formula of sulphur
in this solvent. The b.p. of pure carbon disulphide is 46-30°C and its heat of

vaporisation is 84-1 calories per gram.

RT?  2x (4630 +273)°

Solution : We have, K, = 10007, ~ 1000 x 841 =2.425.
AT, 0476
m=—=——-:
K, 2.425
And also, m= moles_of s9lute x 1000.
wt. of solvent in grams
5 « 1000 50
"M”T 100 T M
where M is the mol. wt. of sulphur.
50 0476
Thus, —=—; M =255
us M~ 2425 %

Ex.

Since the atomic wt. of sulphur is 32 and its mol. wt. is 255, therefore,
number of sulphur atoms associated to form a single molecule is
% =796, i.e., 8. Hence the formula is Sg.
46. The freezing point of an aqueous solution of KCN containing 0-1892
mole/kg H,O was — 0-704°C. On adding 0-095 mole of Hg(CN),, the freezing
point of the solution was —0-53°C. Assuming that the complex is formed
according to the equation

Hg(CN), + m CN" —> Hg(CN)' 7,
and also Hg(CN), is the limiting reactant, calculate m.

Solution : K, = A%y = _ 0704 (KCN dissociates completely)
7 m  2%01892
=186
0-095 mole 0-1892 mole 0 mole ... initially
Hg(CN), + mCN- — Hg(CN);%
0 mole (0-1892 — 0-095 1) 0-095 mole ... finally

Total molality after the addition of Hg(CN),
= molality of K + molality of CN~
+ molality of Hg(CN);;;»
0-1892 + (0-1892-0-095 m) + 0-095
= (0-4734 - 0-095 m)
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Now, Kf = —
m
1.86 = L
0-4734 — 0-095 m
m = 1.984
or m = 2.

Ex. 47. A 0-01 m aqueous solution of K [Fe (CN)4] freezes at —0-062°C. What is

the apparent percentage of dissociation? (K for water =1-86)

Solution : We have, Asz mx Kf
=0-01x1-86
ie., (ATf) normar = 0-0186°
and  (AT}) gpserved = 0-062° (given)
observed colligative property

~ normal colligative property

0-062
T 00186

Now suppose x is the degree of dissociation of K; [Fe(CN)y]
Thus,
moles before diss.: 1 mole 0 0

K; [Fe(CN)¢] = 3K™ + [Fe(CN)¢*~
moles after diss.: (1 - x) 3x X

,_(-0+3x+x_ 0062

1 0-0186
x=078

. per cent dissociation =78%

... (Eqn. 7)

... (Eqn. 9)

... (Eqn. 10)

Ex. 48. A 0-2 m aqueous solution of KCl freezes at —0-68°C. Calculate ‘i’ and the
osmotic pressure at 0°C. Assume the volume of solution to be that of pure

H,O and K; for H,O is 1-86.

Solution : (ATy) ,\ormal = KeX m
=186 x0-2
=0-372.

observed colligative property

We have: = o
normal colligative property

_ 068

1-83.
0-372 83

... (Eqn. 7)

... (Eqn. 9)
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observed osmotic pressure

Again, i= -
normal osmotic pressure

". observed osmotic pressure =i x normal osmotic pressure
=ixcRT ... (Eqn. 6)
=1-83 x0-2x0-082 x 273
=82 atm.

Ex. 49. 1 g of a monobasic acid when dissolved in 100 g of water lowers the freezing
point by 0-168°C. 0-2 g of the same acid when dissolved and titrated required
151 mL of N/10 alkali. Calculate the degree of dissociation of the acid. (K for
water is 1-86)

Solution : Milliequivalent of alkali (m.e.) = 11—0 x151=1-51
(Eqn. 1, Chapter 7)

m.e. of the acid =1-51. (Eqn. 2, Chapter 7)
. 51
eq. of acid = 1000 = 0-00151. (Eqn. 3, Chapter 7)

weight in grams

Now equivalent of acid = oquivalent weight .

02
" eq.wt.

-2
= Oﬁ [for monobasic acid, eq. wt. = mol. wt. (M)]

0-2
Mo 0-00151; M =132-45.
. . moles of solute
~. molality of the acid (m) = - % 1000
wt. of solvent in grams
1 1000
= ——=0:076.
13045 <100~ ©

We have, (ATf)normal = Kf. m
=1-86 x0-076 = 0-141
. (ATf) observed

l = —
(ATf) normal

0-168
=——-=1.19.
0-141 ?

The monobasic acid (say AH) ionises as

... (Eqn. 9)

moles before diss.: 1 mole 0 0
AH = A~ + HF
moles after diss.: (1-x) «x x  (x = degree of dissociation)
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i:l_"lﬁzl.w. ... (Eqn. 10)

x=0-19.

Ex. 50. 1.1 g of CoCl; - 6NHj; (mol. wt. = 267) was dissolved in 100 g of H,O.

The freezing point of the solution was —0-29°C. How many moles of solute
particles exist in solution for each mole of solute introduced? K; for

H,0=1-86°C - m™ .

ATy 029
K; 186
=0-156 mole/1000 g.
. . moles of solute
Molality (theoretical) = Wt of solvent in g %1000
1-1 1000
= ﬁ X W =0-0412 mole/lOOO -
Thus, number of moles of solute particles produced by 1 mole of solute
_ 0156
00412

Solution : Molality (experimental) =

4. ... (Eqn. 10)

Ex. 51. 20-27 g of benzene containing 0-2965 g of benzoic acid (mol. wt. = 122) freezes
at 0-317° below the freezing point of pure benzene. If benzoic acid exists as dimer

in benzene, find its degree of association. K; for benzene is 5-12°C - m .

Solution : Molality (calculated) = % %1000
=0-12 mole/1000 g.
. ATy 0317
Molality (observed) —* =——=10-0619 mole/1000 g.
Ks 512

molality (observed) 0-0619
1= =
molality (calculated) — 0-12
Since benzoic acid exists as dimer in benzene, we have

=0-5158. ... (Eqn. 10)

moles before association: 1 mole 0
2C,H-COOH = (C,H;COOH),

X
moles after association: (1 —x) ) (x = degree of association)

X
1 —X+§
i=———=05158 ... (Eqn. 10)

x=0-9684 or 96-84%.
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Ex. 52. A 0-025M solution of a monobasic acid had a freezing point of —0-06°C.
Calculate K, for the acid. K (H,O)=1-86.

Solution : AT; (observed) =0-06°C, (f.p. of H,O = 0°C)
ATy (calculated) = 0-025 x 1-86 = 0-0465°C.

(for dilute aqueous solution, molarity = molality)
observed depression in f.p. 006

'~ calculated depression in f.p.  0-0465
For the acid HA, we have

0-025 0 0 initial concentration
HA = H" + A~
0-025(1 —x) 0-025x 0-025x final concentration
(x is the degree of dissociation of HA)

=1-29.

i:l—Ix =129; x=029
(0-025 x) (0-025 x) ¥
- =0-025
a 0-025 (1 - x) 1-
0-025 x 0-29*
=== -2.96x10"3
1-0-29 x

Ex. 53. A decimolar solution of potassium ferrocyanide is 50% dissociated at 300 K.
Calculate the osmotic pressure of the solution.

(R=8314JK ' mol 1)

Solution : 1
K, [Fe(CN),] — 4K*+[Fe(CN),]*~
1-x 4x x (x = deg. of diss.)
izl_x:&:1+4x:1+4x0-5=3

Observed osmotic pressure =ic RT
=3x(0-1 x 10%) x 8-314 x 300
=7.4826 x 10° pascal (N/ m?).
[Note: R is given in SI units. Hence unit of concentration ‘c” would be in mole/ m®

(e, c=01x10% mole/m% and that of pressure would be in pascal.]

Ex. 54. The degree of dissociation of Ca(NOs), in a dilute aqueous solution
containing 7 g of the salt per 100 g of water at 100°C is 70 per cent. If the
vapour pressure of water at 100°C is 760 mm, calculate the vapour pressure
of the solution. (IIT 1991)
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Solution : 1
Ca(NO,), — Ca®*+2NO;
1-x X 2x
1- 2x 1+2
van’t Hoff factor, i = ol +1x e +1 X 1+2x07=24.
_ observedlowering of vapour pressure
Now,

" normal lowering of vapour pressure
. obs. lowering of vap. press. =i X nor. lowering of vap. press.

. n
PO—Pobs.:lX{n+N'PO}

- 7/164 Ca(NO,), = 164
760 = Pops. = 24X~ 100 X760 { H,0=18
164"
=13.90

Pobs. = 760 — 13-90 = 746-10 mm.

Ex. 55. A sample of a drug C,H,;O5N (mol. wt.=369) mixed with lactose
C,,H,,0;; (mol. wt. = 342) was analysed by osmotic pressure measurement to
determine the amount of sugar present. If 100 mL of solution containing
1.0 g of the drug-sugar mixture has an osmotic pressure of 527 mmHg at
25°C, what is the per cent sugar present?

Solution : Let the amount of lactose be x g.

, o x (-®
. moles of the sugar-and-drug mixture = 3 42+ 369

Now, osmotic pressure =cRT

527 [[x  (a-x]_1000
760 H342+ 369 }X 100}00821 298

x=0-580g.
percentage of sugar =58-0%.

Ex. 56. Dry air was passed through a solution containing 20 g of a substance in
100-0 g of water and then through pure water. The loss in mass of the solution
was 2-945 g and that of pure water was 0-059 g. Calculate the molar mass of
the substance.

Solution : We have,

loss in mass of pure water _p”—p
loss in mass of solution p

p —-p _ 0059
=0-02
or o =045 =0-0
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o

or P _1-0.02
p
0
or E_1m
p
p 1
2 1.02
p
0
p-p 1
=1-——=0-019.
po 1-02
% = 120%//]\1/18 =0-0196; M =183-6 g/moles.

57. Two beakers are placed side by side in a sealed encloser. The first beaker
contains 100 mL of pure water, the other, an equal volume of an aqueous solution
of sugar. What would be the volumes of the liquids in the two beakers when all
physical changes stop, that is, when the equilibrium is reached?

Solution : The vapour press