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INTRODUCTION

Inorganic Chemistry Ill course (CHM 303) is one of theecoourses
for the Bachelor of Science degree programme in Cligmisis a three-
credit unit course at 300 level of the National Open Ehsity of
Nigeria, designed for students with a fair background knowledg
inorganic Chemistry Il course. This course gives an avew of the
physical and chemical properties of the elements opénedic table in
addition to the extraction and purification of metals.

The chemical properties of the representative elementse
highlighted alongside some of their important compoundd, their
industrial applications. The transition and inner tramsielements are
discussed, including some of their features. One ofribst significant
properties of the transition elements is their abilityarm coordination
compounds. The theories behind this will be examined. Theabitisy
of some heavy elements which leads to radioactivity agb be
introduced.

WHAT YOUWILL LEARN IN THISCOURSE

The course inorganic chemistry Ill, deals with the studihefelements
of the periodic table and their compounds with the excepbibthe
compounds formed by carbon, hydrogen and other elementeyganic
chemistry. The differences and similarities betweea rtiain group
elements will be examined. The chemical propertiesheftriansition and
inner transition elements will be discussed, with emphasistheir
coordination properties. Thus, the nature of bonding in dioation
compounds will be treated. An introduction to the naturediactivity
is also been presented. The course is made up of four moHalgs of
these modules contains some units. You will find sevénal ext
Questions (ITQs) and Self-Assessment Questions (SAQs), with
answers provided as well as activity exercise in each Timi$ course
guide introduces you to the course material, of its usagest@idy. It
suggests how much time to be spent on each of the aetwgtgises.

COURSE AIM

This course aims at the understanding of the chenu$the noble gases
and the halogens. It also discusses the differenaksiarlarities of the

main group elements, and the chemistry of transitiemehts with an

introduction to coordination compound and radioactivity.
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COURSE OBJECTIVES

In order to achieve the aim of this course as set alaavde beginning
of each unit are some laid down objectives, which you sheald before
working the unit, during your study and after completing a. unithis
you would have achieved the aims of the course as a whole

By the end this unit, you should be able to:

o list the elements of the main group (groups 1, 2, 13 - 18), ti@msi
elements (groups 3-12);

o describe the chemistry of groups 1 and 2 elements;

) discuss the similarities and differences among fursd the rest
members of each group, especially groups 14-16.

. explain the valence bond, molecular orbital and cry§tdt
theories;

. describe the nature of radioactivity;

. discuss the chemistry, extraction and purificatiomefals.

WORKING THROUGH THISCOURSE

In order to be able to successfully complete this coymeare required
to carefully study each unit along with recommended textbanésther
materials that may be provided by the National Open Uniyergiu
may also need to exploit other e-reading such intermdufther useful
information on the course.

Each unit contains SAQs and ITQs. At certain points incthe@se you
would be required to submit assignments for grading andrdiecp
purposes. You are also to participate in the final exammaidhe end

of the course. It is recommended that you devote an abutidse for
reading and comprehension. It is highly necessary that you ava
yourselves the opportunity of attending the tutorial sesswhere you
will be able to compare your understanding of the couratents with
your colleagues.

THE COURSE MATERIALS
The main components of this course are:

The Course Guide

Study Units

In-text questions
Self-Assessment Questions

Conclusion

Summary

References and Further Readings

NookwNE
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STUDY UNITS

Modulel Chemistry of the Representative Elements

Unit 1 Hydrogen, Groups 1 and 2

Unit 2 Boron

Unit 3 Carbon and Silicon

Unit 4 Nitrogen and Phosphorus

Unit 5 Oxygen and Sulphur

Unit 6 Halogens

Unit 7 Chemistry of the Noble Gases (Group 18)

Unit 8 Compounds of Noble Gases

Module2 Transtion Elements

Unit 1 Nature and Chemistry of Transition Eeis

Unit 2 General Reactivity

Unit 3 Inner-Transition Elements

Module3 Coordination Chemistry, Bonding Theories and
Radioactivity

Unit 1 Introduction to Coordination Chemistry

Unit 2 Bonding Theories and Radioactivity

Module4 Isolation and Purification of M etals and Radioactivity

Unit 1 Metallurgy

Unit 2 Purification of Metals

This course consists of four modules. Module 1 deals wétlchiemistry

of hydrogen and those of representative elements (groups 2, 13 to 18 or
[IA to VIIIA). The similarities and differences in tlmieehemical properties

were highlighted as well as their electron configuratibmgnodules 2,

we considered the chemistry of the transition and innansitian
elements, while module 3 introduces the chemistry ofctwdination
compounds, bonding theories and radioactivity. Module 4 dedistiat
isolation and purification of metals.

Each of the unit is made up of one- or two-weeks’ works=himg of

introduction, objectives, reading materials, self-assgnt exercise,
activity exercise, conclusion, summary, references arghestion for

further readings. The unit directs you to work on t h er@ses related
to the required reading and this meant to test your baslerstanding
and comprehension of the course materials, which israqurisite for

the achieving the stated aim and objectives of theseour

vi
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PRESENTATION SCHEDULE

The course materials have important dates for thdytiommpletion and
submission of your tutorial lessons. You are seriously resdiraf the
need to promptly submit answers to tutorials and all thga®gints that
you are given as at when due.

ASSESSMENT

The course assessment consists of three aspectslyntrae self-
assessment exercise, the tutor marked assignment andvritben
examination/end of course examination. It is esseri&l you attempt
all exercises and assignments and submit appropriatelyetocahrse
facilitator for grading. Let your answers be con@seé as accurate as
possible. You are expected to consult other material eonraddition to
your course materials in order to be able to present @ecanswers to
the questions. Kindly note that the tutor marked assighowrers only
30% of the total marked for the course.

TUTOR-M ARKED ASSIGNMENT

The Tutor Marked Assignments (TMAS) is a continuous assest
component of your course. It accounts for 30% of thd satare. You
will be given a number of TMAs to answer. Nearly alltloém must be
answered before you are allowed to sit for the endhef ¢ourse
examination. The TMAs will be given to you by your faciliatand
returned after you have done the assignment. Note tlsg #ssignments
are already contained in the assignment file to be givgauoYou may
do yourself good by reading and researching well before yempt to
answer the questions.

You are warned to submit these assignments to the ftmilied the
stipulated time as could be seen in the assignment fileektr, if for
any reason you are unable to meet the deadline, you are reghlyed
to intimate the facilitator of your problem before thee date and seek
for an extension which may be granted or rejected.

FINAL EXAMINATION AND GRADING

The end of the course examination for Inorganic Chemistrwilllbe

for about 3 hours with maximum score of 70% of the tatakse work.
The examination will be made up of questions which normaifiect

on what you have learnt in the course materials/furtfeading. In
addition, these questions may be prototype of the ssd#fsament
guestions and the TMAs or not. The end of the couraenmation is
intended to cover the whole course.

Vi
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Avail yourself the opportunity of the time-lag between toenpletion

of the course content and the beginning of the examinadiogavise as
much as possible the whole course materials, the sgsr@and the
assignments.

COURSE MARKING SCHEME

Assignment Marks

Assignments The best three marks of |the
submitted
assianments count at 10% eacd i.e

End of course Examination 70% of overall course marks

Total 100% of the course materials

FACILITATORSTUTORSAND TUTORIALS

There are few hours of tutorials provided in supporhdf tourse. You
will be informed appropriately of the name, telephoneiper and e-mail
address of your facilitator. In addition, the time, dates location of the
tutorial lessons will be communicated beforehand. Yourageired to
mail or submit your TMAs to your facilitator, at leaswa working
days, before the schedule date. Note that all the siglonaissignments
will be duly marked by the facilitator with further commenhat can
improve on your performances. The facilitator will frotime to time
keep track record of your comprehension, progress and difficuthe
course.

Be kind enough to attend tutorial lessons at the fixed appent. It is

probably the only avenue to meet face to face and discubsyautr

facilitator. There, you will be able to ask question agkselarification

on seemingly grey area in the course material. You mayedishave

prepared questions and comments for your facilitator béffierelue date.
An active participation during the tutorial lessons will #e added
advantage to boost confidence level.

In case any of the situations listed below arises, do sadaheto intimate
your facilitator using his or her telephone numberiarevmail address;

You do not understand any part of the study or the assigned
readings

You are not skill enough to attempt the self-assessmentiques

The questions in the TMAs are not clearly understood.

Accept our best wishes in the course and we do hopeydlatvould
benefit considerably from its application.

viii
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1.0 INTRODUCTION

During the course of CHM 101 and CHM 205, you were introduced
to the properties of the groups 1 and 2 elements. Thesemative
elements are made sefand p block elements of the periodic table, in
which their valence shell is eithgor p orbitals. In this unit, we will focus
our attention on the chemistry of hydrogen, group 1 and Group 2
elements.

20 OBJECTIVES

By the end of this unit, you should be able to:

. describe the electronic configuration of the elements.
. describe chemical properties of the element.
o make comparative study of the chemistry of the elements.

3.0 MAINCONTENT
3.1 Hydrogen

3.1.1 Occurrence of Hydr ogen

Lavoisier gave the name hydrogen to inflammable gas atedleby

reacting iron with sulphuric acid. It is the most abundanmnhetd in the

universe. The element occurs in the free state and, inwuo@nic gases
and in the outer atmosphere of the sun. Other star©angosed almost
entirely of hydrogen. The main sources of hydrogen arerwatel

petroleum and natural gas, where it occurs in combinatitmaarbon.

The element is an essential ingredient in all livingterabeing found in
proteins and fats.

The atom consists of one proton and one electron, withtrefec

configuration of L. Most of the chemistry of hydrogen can be explained
in term of its tendency to acquire the electron configomadf the noble
gas helium. It does this by gaining an additional electrdarta hydride

ion, H or by sharing its electron with another atom as in the hydroge
molecule, H — H. Hydrogen also accepts a lone pair of elegtwhich
it does as a proton when combined with, for example wattaemmonia

to give the hydroxonium, 80" and ammonium N4" ions respectively.
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Hydrogen can readily be obtained by the action of certaialroa water
or steam and dilute acids. Nitric acid and concentratipthgric acid must
be avoided.

Na + HO 0O 2NaOH + Hg
and by action of steam on coke or hydrocarbon.
Cs) + H20g I CQg) +H2()

There are three isotopes of hydrogen of relative madse®2 and 3.
They are called ordinary hydrogen, deuterium and tritiuspeetively

and differs in that whereas ordinary hydrogen has no neytron
deuterium has one and tritium has two neutrons in the usiclgitium

Is the only one that is radioactive. The ratio of oady hydrogen to
deuterium in hydrogen compounds is about 6000:1, tritium occurs in
even smaller amounts.

Deuterium is slightly less reactive than ordinary hydrdggnotherwise

its properties are almost identical. Deuterium is usech dsacer for
elucidating a wide range of reaction mechanisms, and soitare
compounds. Many of these compounds can be readily obtaioed f
deuterium oxide (RO) also referred to as heavy water, for example DCI,
an equivalent of hydrogen chloride.

3.1.2 The Position of Hydrogen in the Periodic Table

The properties of hydrogen cannot be correlated with any of the main
groups in the periodic table and so could be treated on its own. It is
however, more related to groups 1 and 17 than group 14 elements.

Its similarities to group 1 elements are due to the following;

) It has only one valence electron in its shé&#'y, an electronic
structure unique to group 1 elements.

i) It can lose the valence electron to formiein. However, free H
lons exist only in discharge tubes because of the small and strong
polarizing power. This is why the protons are always found to
associate with water molecules in aqueous solutiors@s.H

Hydrogen cannot be considered to be a member of group 1 because of the

following:

) It is more electronegative than group 1 elements e.g.,2- as
against Li = 1.0. This is why Hs difficult to form. It does not
form ionic hydrides with non-metals.

1)) Hydrogen combines covalently with other elements, a property not
exhibited by the alkali metals.
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Hydrogen can also be considered to belong to group 17 because of the

following

) The atom has one electron short of the first member of gebks
(He) electron configuration. This is a common feature of the group
17 elements.

1)) Like the halogens, the hydrogen is a non-metal and occurs in the
elementary state as a diatomic molecule.

iii) It can gain one electron to form a hydride ion)(lkke group VIIA
elements.

It does not also fit into the group 17 because of the following;

) It is less electronegative than the halogens (H = 2.1 and.B)

1)) The H ion is formed only when it combines with the most
electropositive elements of groups 1 and 2.

iii) It can be made to lose its electron to form ibin, a process not
achieved by the halogen members.

3.1.3  Propertiesof Hydrogen

It is a colourless gas without taste or smell. dh de liquefied by
compression and cooling in liquid nitrogen, followed by sudden

expansion. Liquid hydrogen boils at — 95 and becomes solid at —

25§] C. Hydrogen burns in air and, under certain conditionsctsea
explosively with oxygen and the halogens, e.g.,
2k (g) + O2(g) [ 2H20(1)

It reacts partially with boiling sulphur to give hydrogen sidie.

<HZy) + gs) H2Y(g)

It reacts with nitrogen at elevated atmosphere and pressut@e
presence of a catalyst to form ammonia. It forms idmyidrides with
most metals of Group IA and IIA. It forms covalent hgas with the
elements from Groups 14 to group 17 in the periodic table, amed
gaseous at ordinary temperature, with exception of a fed,wath
transition metals a series of rather ill-defined coomuts — interstitial
hydrogen- is formed.

3.1.4 Active Hydrogen

Atomic hydrogen can be generated by dissociating hydrogéecules

into atoms using high energy sources, such as dischargedutaenamg
hydrogen at low pressure, or a high current density arc at high
temperature. Thus, dissociation is highly endothermic

H2(g) [1 2Hg, [1HO (298 K) = +435.9 kJ mot

4
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Many metals are able to catalyse the recombination of hgdr@goms
e.g. platinum and tungsten, which results in liberationthef same
guantity of energy as is needed to effect the dissociafiois effect is
used in the atomic hydrogen blowlamp for welding metalsirbiyen is
a powerful reducing agent, e.g., it reduces metallic exael chlorides
to metals, and oxygen to hydrogen peroxide. The nascent hydioge
hydrogen at the instant of formation. Nascent hydrogen reauce
elements and compounds that do not readily react with hbgdeogen.

3.1.5 Usesof Hydrogen

Before now, only small quantities of hydrogen were requa® a fuel in
the form of town gas and water gas, for filling bafls@and in the oxy-
hydrogen blowlamp for welding. Recently, however, large tjias of
the gas are employed in the following processes:

)] Manufacture of ammonia by Haber process.

1)) Manufacture of hydrogen chloride and hydrochloric acid.
i)  Manufacture of organic chemicals e.g. methanol

V) Manufacture of margarine.

V) Extraction of some metals from their oxide.

vi)  Liquid hydrogen has been used as a rocket fuel.

3.2 Comparative Study of Group 1 and Group 2 Elements

The elements of group 1, also referred to as groAléments
includes Li, Na, K, Rb, Cs, and Fr, the first four aretals. Indeed,
from a chemist point of view, they made an excellentbeeause they
have a large number of properties in common. Lithiuingsohly member
of the group that is not completely typical.

They are all highly electropositive metals. Indeed, émeléncy for them
to lose their outermost electron and change into a pedin is the

most important feature of their chemistry. This is tluéhe fact that the
outers electron is very well shielded by the inner electrons.sldlectron

feels only a fraction of the nuclear charge.

As we move down the group, shielding effect caused by ther iineid
shells on the valence electrons outweighs the increatieeinuclear
grip on the valence electron caused by the increase in nsimlber
protons in the nucleus. Cesium, for example is a much powerful
reducing agent than sodium. The metals are so reab@ein nature,
they are always found combined with other elements. Thewidb as
chlorides, nitrogen, sulphates and carbonates.



CHM 303 INORGANIC CHEMISTRY 1lI

It is difficult to convert Group IA metal ions into neakiatoms, so if we
need to obtain the pure metal, we have to use elecBolybke pure
metals are silvery white and apart from Li, soft and/¢éagsut. However,
they rapidly tarnish in air giving a layer of oxide, pedsior sometimes
super oxide. They also react violently with water. For lbetfsons they
are kept under a layer of oil.

The elements of group 2 also referred to as group IIA (B, Ga, Sr
and Ba) also exhibited properties typical of highly electrop@smetals,
e.g. they are good reducing agents, they give ionic compotimeis,
oxides and hydroxides are basic, and they give hydrogen vty dde
alkaline nature of the elements is responsible foir theing known as
the alkaline earth metals. The exception of the compattern is the
first member, beryllium.

One reason why beryllium is different from the otheakier members

of its group is due to its small size. The radiuset ™ ion is extremely
small, and it represents a very dense centre of positiaege with an
iImmense polarising power. This ability to draw electrangards itself

Is responsible for the covalent nature of many of its @amgs. Another
feature of chemistry of beryllium is that in solution gsmpounds tend
to suffer from hydrolysis, and some are amphoteric eratthan

completely basic. Like the Group IA metals, the reactf the elements
makes it difficult to extract them by chemical means.

3.3 Chemistry of Group 1 Elements

3.3.1 Reaction with Oxygen

Lithium oxidises less rapidly than the other metals they all give ionic
oxides and peroxides. In a plentiful supply of oxygen, thetieas can be
violent.

2Ks) + O2(g) [ K202(g)

They are all basic. They dissolve in water to giversilty alkaline
solutions containing hydroxide ions, for example,
Na2Os) + H20(1) L NaOHaq)

3.3.2 Reaction with Water

Li, Na and K all float on water. Li reacts only slowhyt Na and K reacts
more quickly. Hydrogen is given off and the solution remanis
alkaline. The reactions of Rb and Cs with water shouldedatttempted,
because of explosions.

2Nags) + 2H20) [ 2HaOHaq)+ H2(g)
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3.3.3 Hydroxides

The hydroxides of the Group IA metals are among the sgirigases
known. They exist as ionic solids and are very soluble atew With
exception of LIOH, which is slightly soluble, it and is@lthe only one
that will convert to an oxide on heating.

3.3.4 Carbonatesand Hydrogen Carbonates

The carbonates are all soluble in water, and their lggirecarbonates
exist as solids. The exception once again is lithium, wtaes not give
a hydrogen carbonate. Sodium carbonate is a useful sobstais sold
as washing soda crystals J8&,.10H,0. When dissolves in water, it
gives a slightly alkaline solution owing to salt hydrolysis.

NapCO3 + H20 [ NaHC(g(aq)+ NaOHaq)

The ease with which hydrogen carbonate releasdmmcatioxide is
exploited, in its being used especially in fire extinguistaad in baking
powders.

3.3.5 Halides

All the metals give fluorides, chlorides, bromides, amgdides. Apart
from caesium, they have the same crystal struesisedium chloride.

3.3.6 Nitrogen and Nitrates

Sodium nitrate, NaN® and sodium nitrite, NaN® are the most
importantsalts of nitrogen. Incommon with all other nitrates, sodium
nitrate is soluble in water. Chemically, the Group IAatis are a little
different to those of other metals. In particular, wiieey are heated,
they give off oxygen and change into a nitrite.

2KN03(5) [l ZKNOZ(S) + OZ(g)

Most nitrates are energetically stable. However, thegen in a nitrate
lon is in a high oxidation state (+5) and the ions contaiglapercentage
of oxygen. With the right chemicals, the ions will sha considerable
ability to act as oxidising agents. Especially, KN@ixed with sulphur
and carbon is used as a gun powder. Sodium nitrite is usebein t
manufacture of dyes and in increasing the shell lifeaaf meat sold in
supermarkets.
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3.3.7 Sulphates, Hydrogen Sulphates and Sulphites

All the members of the group gave sulphates and hydragphates
which are all soluble in water. Sulphites, such as soduiphite,
Na2SQ0g3, are more reactive than either sulphates or hydrogphates
e.g. if you warm a sulphite with an acid, you will find gulr dioxide
been given off.

Na2S03(aq)+ 2HCI [ 2NaCl + S@(g) + H20(1)

Sodium thiosulphate is produced by boiling a solution oftsndiulphate
with powdered sulphur. Sodium thiosulphate is used as hypo in
photography. In the laboratory, it is used in iodine titreio

3.3.8 Hydrides

All the hydrides of the group are ionic, with the metahgepositively
and the hydrogen being negatively charged.

3.4 Chemistry of Group 2 Elements

Beryllium oxide, BeO, is more like the oxide of alumimun Group 13
(INA) rather than the oxides of the other elements iou® IlA. It has a
high degree of covalency, which is lacking in the other oxittes
insoluble in water and it will dissolve only with greatfidifilty in acids.
The reactivity of BeO depends on its treatment. If ih@ated to a high

temperature (above 890), it becomes almost completely inert. The
other oxides will dissolve in water with increasing edsen the group.
The resulting solutions are slightly alkaline owing taat@ns between
the oxides and water, e.g.,

MgO(s) + O(1) =— MgCH (aq)
3.4.1 Sulphates

The solubilities of the sulphates decrease down the gr&&y.Mg,

and Ca sulphates are often found as hydroxide crystals, e.g.
BeSOM.4H20, MgSQL.7H20, CaSQ@Q.2H20. The crystals of
magnesium sulphates, better known as epsom salts at @sisexative.
Crystals of CaS@.2H20 are found in nature as the mineral gypsum.
Anhydrous calcium sulphate also occurs naturally as anhydnthen

gypsum is heated to abal@(PC, it loses three guarters of its water of
crystallisation. The powdeemaining is called plaster of paris.
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3.4.2 Carbonatesand Hydrogen Carbonates

The Group IIA carbonates are different from those efdlkali metals
of Group IA in two major respects. Firstly, they are onlyyvglightly
soluble in water, with the solubility decreases down thau@rSecondly,
they are decomposed by heat, giving offZC&hd leaving an oxide.

MgCQOg3(s) [ MgO(s) + CQ(9)
3.4.3 Halides

The elements all give fluorides, bromides and iodideswell as
chlorides. They are all soluble in water, but the fluaides much less
soluble than other halides.

SELF-ASSESSMENT EXERCISE
I The most abundant element in the universe is

. Which of the following is/are the properties ofH

Iii. Which of the following properties of hydrogen atom are similar to
those of halogens?

\Y2 The most common way by which hydrogen atom may attain
stability is by Choose the correct answer among the following

options.
V. In which of the following compounds is the valueyahaximum?
Vi. Give reason(s) why group 1 and group 2 are good reducing agents.

4.0 CONCLUSION

Hydrogen is the first element in the periodic table with dlectron
configuration. The element has some unique properties. Its chgmist
similar to that of group 1 and group 17 elements of the periodic Eixe
structure of hydrogen also resembles that of the group 14 elemerets sinc
both have a half-filled shell of electrons. However, it is lestted as a
group of its own.

The elements of group 1 of the periodic table also referred tikas a
metals have a generadtrelectron configuration an indication that they
have one loosely held electron in the valence shell. Their physical
chemical properties are closely related to the sizes andogiestructures.
They are typically soft and highly reactive metals and are lextel
conductor of electricity. Lithium shows some anomalous properbes f
the rest member of the group due to its very small size and highecha
density.
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Group 2 elements also called alkaline earth metals havel&eiwaas in
their valence shell implying they form divalent ions. The fineimber of

the group, Be differs from the rest of the group. The elementsdavell
graded series of highly reactive metals. Like alkalineafagtthey
generally form colourless ionic compounds but are less reactive tha
alkali metals.

5.0 SUMMARY

o Hydrogen is a tasteless, odourless and colourless gas with a
valence electron.

o The element has properties of both group 1 and group 17 of the
periodic table.

o The Group IA and IIA metals are all good reducing agents

(highly electro positive), with reducing power increasing down
the group. With an exception of Li and Be due to the verylsmal
size of their ions, hence have anomalous properties compared to
other members of the groups.

Group IA and IlA form ionic compounds with non-metals.

Group IA react vigorously with water giving off hydrogen gas

The sulphates of Group IA are all soluble in water.

The Group IIA metal oxides and hydroxides are less soluble i
water than those of Group IA.

6.0 TUTOR-MARKED ASSIGNMENT

1. Outline some uses of alkali and alkaline earth metaisng(T
allowed: 10 mins)

7.0 REFERENCESFURTHER READING

Advanced Chemistry (Physical and Industrial) Philip Mathews
Cambridge University press 2003
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Principles of Inorganic Chemistry, B.R. Puri and L.R. Shar&mepban
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Concise Inorganic Chemistry (Main and Advanced), Sudarsan Guha (ed)

J.D. Lee, Third Edition. Wiley India Pvt. Ltd., New Delmdia,
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1.0 INTRODUCTION
You had already been introduced to groups 13 in CHM 101 and CHM
205. This group of elements mark the beginningldbcks in the periodic

table. In this unit, we will focus our attention on the chstryiof boron,
the first member of the group and its compounds

20 OBJECTIVES

By the end of this unit, you should be able to:

. describe the electronic configuration of the elements.
. describe chemical properties of the element.
o make comparative study of the chemistry of the elements.

3.0 MAIN CONTENT

3.1 Boron

Boron belongs to Group 13 (llIA) elements, which marksliéginning

of thep-block elements in period 2 of the periodic table. Adig@ elements
exhibit a group valency of three, but because of the laegg amount of
energy (sum of the first three ionisation energies,ishaecessary for the
formation of +3 ions), their compounds when anhydrous arereithe
essentially covalent or contain an appreciable amount ooflent

12
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character. In fact, boron never forms #7Hon since the enormous
amount of energy required to remove three electrons &rsmall atom
cannot be repaid with the formation of a stable cryattte, even with
the most electronegative fluorine atom.

The element boron occurs principally, as borates e.g. reodarate in
which the boron atom is part of an anionic complex. Boram lba
obtained as an amorphous brown powder by treating borax with
hydrochloric acid, igniting the boric acid,3BO3, to give the oxide,
B203, and finally reducing the latter with magnesium at a high
temperature.

B203(s) + 3Mg(s)! 2B(s) + 3MgO(s)

It is used in the construction of high impact resistamelsand, since it
absorbs neutrons, in reactor rods for controlling atoeactions.

A crystalline form of boron can be obtained by thermalodgmosition
of boron trioxide on a tantalum filament.

2BI3(s) [ 2B(s) + 3p(s)

3.2 Chemical Properties

Amorphous boron is a very reactive element combiningctly with
oxygen, sulphur, nitrogen and the halogens to give raspican oxide,
sulphide, nitride and halide with covalent bonds running detely
through the structure.

3.2.1 Halides of Boron

The volatility of the halides decreases with increasimgative

molecular mass, thus BRand BCB are gases, BBris a liquid and B3

iIs a white solid. They are covalent and exist ag B»olecules, their
structures being planar.

The halides react vigorously with water to give the hatolgydride, with
exception of boron trifluoride which gives fluoroboric adBF,,

which in solution contains the tetrahedral,BRon, boric acid is also
formed, e.qg.,
BCls(g) + 3H,O(1) [ H3BOs(aq) + 3HClg)

4BF3(g) + 3H,001) L 3BFyaq) + HsBO3(aq)

Boron trifluoride is used as a Friedel-Crafts catalysirganic chemistry,
particularly for polymerisation reactions.

13
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3.2.2 Diborane

This compound, which is an inflammable and very reactive gathei
simplest hydride of boron. It can be produced by the reductid@oron
trichloride with Lithium aluminium hydride and must be dkad in
vacuum systems which employ mercury valves, since it katteap-
grease

4BCl(g) + 3LiAIH, [0 2B,Hg(g) + 3LICI(s) + 3AICK(S)

Electron diffraction studies have indicated that there acehydrogen
atoms in the molecule that are called bridging hgelnoatoms. Also, there
are two boron atoms with other four hydrogen attms are referred to as
terminal hydrogen atoms.

Other hydrides of boron are4B10, B3H9, B5SH9, B5H11 and BLoH14,
they are all electron deficient. The structure of diboranedgated in
Fig 1.1

NN

B B
H/ \H/ \H

Fig. 1.1: Structure of Diborane

3.2.3 Boron trioxide

Boron trioxide, an acidic oxide can be obtained by bugrboron in
oxygen or by heating orthoboric acid to red heat. It is edéerred to as
boronsesquioxide. Sesqui means one and half, hence the formula should
be BQ:.or B.O3

4B + 3C» 000B203

H,BO, & HBO, + HO

HBO, =% B0, + HO

It is usually obtained as a glassy material whose steictansist of
randomly orientated three-dimensional networks of3B§doups, each
oxygen atom uniting two boron atoms. Boron trioxide resicialy with
water, forming orthoboric acid. When fused with metadlixides it forms
borate glasses which are often coloured, this is ths ba$orax bead
test in qualitative analysis.

14
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3.2.4 Orthoboric Acid

Orthoboric acid, HBO3 which is better written as B(OHl) is
formed when the boron halides are hydrolysed or when dilute

hydrochloric acid is added to a solution of borax.
BGH 3H0O [J H3BO3 + 3HCI

34072'(aq) + 2H" (aqy + 5H20() [1 4H3BO3(aq)

It is obtained as a white solid on subsequent crystabizand is water
soluble. Orthoboric acid is a weak monobasic acid andqueous
solution, the boron atom completes its octet by remo®@iHgfrom water
molecule.

B(OH); + 2H20 (1 Hy0" + [B(OH)]"

It therefore functions as a Lewis acid and not asa@op donor. The
structure of orthoboric acid is based on the planar BE)t.

3.2.5 Borates

Boron, like silicon, has a great affinity for oxygendaa multitude of
structures exist containing rings of alternating boron and@xyatoms.

The single BQ3' lon is rather uncommon but does occur in a\‘h@

(BO33')2, the ion, as expected, has a planar structure.
The more complex borates are based on triangulag @BQ@s, e.q.,

(Na*)3B3062"

has the structure given in Fig. 1.2.

|

0—B — 0
\O/B (6]

Fig. 1.2: Structure of borateion
3.2.6 Borazineand Boron Nitride
When ammonia and diborane, in the ratio of two molecidesne, are
reacted together at high temperature, 473K, a volatile cangpknown
as borazine, #NsHs is formed. The molecule has a cyclic, hexagonal

structure reminiscent of benzene. Hence, it is oftearmed to as inorganic
benzene.

15
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6NH3 + 3B2He [ 2BsNsHs + 12H
The structure is considered to be a resonance hybrid bfith&tructures
as shown in Fig 1.3.

H H
b B
+ +
T o
HHE,RNEEI—H EI:“%N”EI'—H
! |
H H

Fig. 1.3: Resonance Structure of Borazine

It is isoelectronic with benzene and resembles therlat some of its
physical and chemical properties. For example, borazineshaeeiting
point at -58°C while that of benzene is 6°C. Also, the boilingniscare
64.5 and 80.0°C for borazine and benzene respectively evémwthe
chemical properties of borazine are quite differboin benzene. For
instance, borazine forms addition compounds more readitylibazene,
e.g., it forms addition compound with hydrogen chloride, wd®re
benzene is unreactive towards this reagent.

Boron nitride (BN) is formed by direct union of boron and o at
white heat, it has a structure similar to that of grapéiid is thus a giant
molecule but differ from graphite in only being a semaaator of
electricity.

SELF-ASSESSMENT EXERCISE

I In the atoms op-block elements, the differentiating electron enters

i. Boron does not form B ion because

Iii. Which of the following does not respond to borax bead test?

V. Borazine is isoelectronic with benzene and is commonly called
inorganic benzene. Explain the differences between borazine and
benzene.

4.0 CONCLUSION

The elements in the group have three valence electrons and are
characterized bysinp* valence electron configuration. Boron is a non-
metal, and always forms covalent bonds. Due to the extremely high
energy required to remove the loosely held electrons, it has no tgndenc
to form B** ions. All BX3 compounds are electron deficient and can accept
an electron pair from another atom to form coordinate covalent edati
bond.
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50 SUMMARY

o Boron is amphoteric and it forms many electron defidmdrides,
e.g. BPHe6.
o Group 13 elements form basic oxides that are insoluble in water

However, BeOs and AbOs are amphoteric in nature.
6.0 TUTOR-MARKED ASSIGNMENT

1. Boric acid can be represented with two chemical formulae. What
are these formulae? Which of these formulae is the most helpful?
How might you classify boric acid if this formula is used. (Ti#ne
mins)
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1.0 INTRODUCTION

The elements in group 14 mark the second groypldbck elements in
the periodic table. In this unit, we will focus our attention the
chemistry of carbon as well as silicon, the second memlibe @froup.

20 OBJECTIVES

By the end of this unit, you should be able to:

. describe the electronic configuration of group 14 element
o describe chemical properties of the elements;
o make comparative study of the chemistry of the elements.

30 MAIN CONTENT

3.1 Chemistry of Carbon and Silicon

Carbon and silicon belong to Group 14 (IVA) elements of #ngogdic
table. They show many of the properties that are chaisteteof non-
metals, but as the group is descended, the metallic ndtilme @lements
increases. This is because the energy required to remodedyl held
electron to form positive ions, reduces down the group. Hence,
electropositive character of the elements increases downdbg. gr

The normal valency of the elements is four, but aparnhfcarbon, the
rest elements can form more than four bonds with ligaftiss is
because they make use empty low-lythgrbitals for bond formation.
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For example, e.g. the availability of tbeorbitals is responsible for the

ability of silicon to form complex ions, such as 6%3, with exception of
carbon. Another feature of the chemistry of the Grouf I¥that some
carbon compounds are less reactive than the correspacwhmgpunds
of the other members of the group.

3.2 Compounds of Carbon and Silicon

3.2.1 Hydrides

Carbon and silicon give a variety number of hydrides sucklas,
C2H2, SiH4, SkHe, etc. The geometries of the hydrides follow those of
methane and are based on a tetrahedral arrangement #heurehtral
atom.

The carbon hydrides will not ignite in air except in thegence of
flame. On the other hand, SjHsilicon hydrides are highly reactive.
For example, $HS8 js spontaneously flammable in air.

SigH8(1) + 502(g) [1 3SiC(s) + 4H0(1)

Like the carbon hydride, silicon hydrides are not hydrolysed bgrwat
alone. However, traces of alkali will convert themoi hydrated silica,
SiO2nH20 and hydrogen gas. Carbon hydride are not hydrolysed by
alkali.

3.2.2 Halides

Carbon and silicon forms various halides such as4C8ICH, SiF62'.
There is a tendency for the elements to make four bawds with a
tetrahedral arrangement. As with the hydrides there is a
tetrachloromethane and silicon tetrachloride. L£®Ill not react with
water but Si4 is readily hydolysed by water, forming silicic acid.
SiCl4 + 4H20 [ Si(OH) + 4HCI

3.2.3 Oxides

The oxides of carbon and silicon are predominantly covalarit,the
main oxide of silicon, Sig) unlike the small gaseous molecules CO and
CO,, has a giant molecular structure that is better repted by the
formula (SIQ)n. C& and SiQ are acidic. For example, silica behaves
like CO» when it reacts with hot and concentrated alkal

SiOp(s) + 20H(aq) 0 Si032"(aq) + H20(1)
Silica will also react with metal carbonates giving ©@2.
SiO2(s) + Ne2CO3 [ NagSiogz(s) + C(9)
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Unlike the carbonates, silica cannot be attackedatig to liberate
SiOy, rather a gelatinous mass of silicic acid.$s) is obtained.
This acid on been heated in a platinum dish, giveside powder of
SiO2 not reactive towards hydrogen ions as are carborRegker if
dilute acid is added to sodium silicate solution gives prete of SiQ.
NaSiO3 + 2HCI [1 H2SiOs + 2NaCl

H.SiOs + heat to redness! SiO, +H20

3.2.4 Organic Compounds

Carbon and silicon form many interesting organic compoundde mp
of chains of representing units, e.g., organo-silm@mpounds
-(Si(CH3)2-O)n-

SELF -ASSESSMENT EXERCISE

I In what respect is the chemistry of boron similar to diailicon.

. Give the reaction products of the following and balance the
equation(s) where necessary.
a. N&COs + HEP ?
b. NaSiO; + HeEP ?

Iii. Suggest reasons why the maximum covalency of carbon is four
while that of silicon is six.
\Y2 In what respect is the chemistry of boron similar to diailicon.

4.0 CONCLUSION

Carbon and silicon ag@block elements and belong to group 14 elements
of the periodic table withgd np? electron configuration carbon is limited

to forming a maximum of four covalent bonds because srdyd p
orbitals are available for bonding. However, the covalency of other
members of the group is not limited to four due to the availabilignmgity

low lying d-orbitals. The elements in the group are relatively unreactive
but reactivity increases down the group.

50 SUMMARY
. Carbon and silicon are non-metals.

o Carbon and silicon forms compounds with oxygen and chlorides
which are covalent in nature.
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6.0 TUTOR-MARKED ASSIGNMENT
1. Give plausible reason why hydride of carbon is relatively

unreactive compared to the hydride of silicon that is very reactiv
(Time allowed: 10 mins)
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1.0 INTRODUCTION

You had already learnt about group 15 in CHM 101 and CHM 205. This
group of elements constitute the third group of the p block elemethies in
periodic table, with a general electron configurationsdfp®. Here, you

will learn about the chemistry of nitrogen as well as phosphtredirst

and second member of the group respectively.

20 OBJECTIVES

By the end of this unit, you should be able to:

. describe the electronic configuration of group 15 element
o describe chemical properties of the elements.
o make comparative study of the chemistry of the elements.

3.0 MAIN CONTENT

3.1 Chemistry of Nitrogen and Phosphorus

As members of Group VA elements, nitrogen and phosphorus gie
typical properties of non-metals. For example, theypm@ conductors
of heat and electricity and give acidic oxides. Theimpounds are
predominantly covalent. Nitrogen is a gas and has no allotf@pic On
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the other hand, other phosphorus is a solid and has three akotndpie,
black and red.

3.2 Compounds of Nitrogen and Phosphor us

3.2.1 Hydrides

Both of nitrogen and phosphorus form hydrides @/iith unpleasant
smell. They have pyramidal shape, but the bond angle intgdon
and the hydrides of group IVA differ from that of ammoniake
ammonia, phosphine (P contains a lone pair of electrons which can

react with a proton to form phosphorium ion, AHand it will combine
to make phosphonium iodide, BRHLIike the analogous ammonium salts,

it is ionic. However, phosphine will not accept protonsreedily as
ammonia.

3.2.2 Halides and Oxohalides

Nitrogen and phosphorus form trihalide with F, Cl, Brdah and
pentahalides such as ;APCp, PBI5, while those of nitrogen do not

exist. This is due to absence of empty low-lythgrbitals in N.
Phosphorus pentachloride fumes in air. It reacts in wategjives the
oxochloride

PChs) + H20() L] POCB() + 2HCly)
and in excess of water, it gives
PCBs) + 5H20() [ H3PQaq) + SHClg)
3.2.3 Oxides

Nitrogen form various oxides such ag®l NO, N2O3, NO2, N20O4 and
N20s5. The oxides of phosphorus arg®% and RO10, which was once
given as PO3 and POs5 respectively, before their structure, were found
by x-ray diffraction.

3.2.4 Oxoacids
Phosphorous forms various oxoacids likesR@, H3PO3, H3POR,

HPQ, etc. The structure of orthophosphoric acid (tetraphosf\Hjcaeid)
Is shown in Fig. 1.3.
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OH
HO—P=0

OH
Fig. 1.3: Structureof Phosphoric Acid

3.2.5 Sulphides

The sulphide of nitrogen is4$4, while those of phosphorus arg33,
P4S5, P4S7 and R1S10. Particularly RS3, have been used in making
matches. To make the head of matches, sulphide, an oxidggmgysuch
as potassium trioxochlorate (V), KE@nd a little ground glass are mixed
together. The resulting mixture is bound together with.gltee match
boxes usually have a strip of sand paper along the side.

SELF-ASSESSMENT EXERCISE

I Give two examples of the oxides formed by nitrogen.
. Outline three uses of nitrogen

iii. State any two uses of phsphorus

\Y2 Give three different sulphur compounds of phosphorus

40 CONCLUSION
Nitrogen and other members of the group have five valence eleutitbns

ns® np® electron configuration. Nitrogen and phosphorous are non-metals.
Their compounds are predominantly covalent.

50 SUMMARY

. All the members of group 15 elements of the periodic table have a
general valence electron configuratiomeinp?.
. Nitrogen and phosphorus form compounds with oxygen, halides

and hydrochloride.
6.0 TUTOR-MARKED ASSIGNMENT

1. Suggest reasons why $E stable but N#is not. (Time allowed:
5 mins)
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1.0 INTRODUCTION
Group 16 of elements of the periodic table constitute the fourth group of

the p block elements. In this unit, you will learn about the cheyrodt
the first two members of the group (oxygen and sulphur).

20 OBJECTIVES

By the end of this unit, you should be able to:

. describe the electronic configuration of group 16 element
o describe chemical properties of the elements.
o make comparative study of the chemistry of the elements.

3.0 MAIN CONTENT

31 Chemistry of Oxygenand Sulphur

Oxygen exists as diatomic molecule. @ has three isotope%,680 or

the main one, and the others &7&80 and1880, both of about 0.3%.
Oxygen also exist in triatomic molecules as ozorg@ w@dh a triangular
shape.
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One chemical property that dominates the chemistry of axygadts
ability to combine with both metals and non-metals to makeesxi
Oxides can be of four types: neutral, basic, acidic qrhanteric.

3.2 Compounds of Sulphur and Oxygen

The majority of sulphur is used to make sulphuric acitbl&uic acid is
regarded as a strong acid in water. It dissociates irstages:

HoSQuaq + HOq) HSOmg ™ HO(ag)
HSQ4™(aq) + HO S&Taq) + O™ (aq)

The acid shows its oxidising nature when it is concésgdiefor example
3.2.1 Hydrides

Of the hydrides of Group VIA, water is by far the masportant, and is
not typical of the others. Water is liquid at room pemature, due to
hydrogen bonding, while others are gases. Hedreglphide is
very poisonous, with a rotten egg smell. The gas can be byadeing
hydrochloric and with a metal sulphide, often iron(Il) sudehi

FeSs) + 2HClag) [ FeCPaq) + H2S)

Unlike water, but like ammonia, hydrogen sulphide canabgood
reducing agent.

H2Sg) + Ckg 2HCgr > Ss)
3.2.2 Halidesand Oxohalides

F being more electronegative than O, its binary compounds with O are
called oxygen fluorides whereas similar chlorine compounds areaeferr
to as chorine oxides. Sulphur forms halides with all thedeais with

the exception of iodine. Fluorine brings out the higlestiation state

with other elements in the group, as in6SFhe fact that these elements

can actually form six bonds is due to their usd ofbitals in bonding.

Only S and Se form oxohalides. Of the oxohalides,lost important
are those of sulphur, e.g. thionylchloride, S@&hd sulphurylchloride,
SO2CI2. The former is a colourless liquid that is easily hjybed.
SOCL(1) + 2H20(1) [J H2S03(aq) + 2HCI(aq)

3.2.3 Oxides

SO2 and S@ are gaseous. They are both highly soluble in water, with
the reaction between 8@nd water being explosive.
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3.2.4 Sulphites, Sulphatesand Other Oxoanions

Sulphites contain S;g? ilon. Many sulphites are insoluble in water or

are sparingly soluble in water, e.g., CaSBowever, those of group
1 metals and ammonium are water soluble and addaging agents.
When they are warmed with acid, 3@ given off.

S02(aq) + 2H (aq) [ SOp(g) + H2O(1)

Sulphate contains S® ion, and are mostly soluble in water and
crystallise, forming hydrated sulphates. CaS®8SQ, andPbSQ are

sparingly water soluble whiBaSQ is not soluble in water. Sulphates of
alkali metals, MgS® and PbS® are stable to heat except at high

temperature€CaSQ decomposes &igh temperature while sulphates of
Sr and Ba are stable.

Fex(SO4)s; O Fe03(s) + 3SA(g)

Thiosulphates contain the ion2(332'. The structure of the ion is like

that of a sulphate ion, except that one of the oxytemsis replaced by
a sulphur atom. Sodium thiosulphate solution is widely wsed fixing
agent in photography. It has the ability to dissolve ditver salts that
have not been affected by light. In the laboratory, thpigtke solutions
are used in iodine titrations.

12 (aq) + 28052 (aq) [ 2I'(aq) + S0s2(aq)

Peroxodisulphates have the iomCBZ' and are found in salts such as
K25206. They are oxidising agents and behave accordingetdh#tf-
equation

S208 + 2e” [0 2SO
They oxidise iodide to iodine and iron(ll) to iron(lll).

3.2.5 Sulphides

The sulphides of Group IA metals are ionic, e.g. +()282'. The
sulphides of othemetals, especially the transition metals are covatent

a lesser extent.
3.2.6 Usesof Oxygen and Sulphur
)] Oxygen is used in oxyacetylene and in oxy-hydrogen flames for

cutting metals
1)) Liquid oxygen is used in fuel in rocket
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1)) Oxygen is used in steel making and in the high-pressure
gasification of coal.
V) Sulphur is used in the manufacture oSy

SELF-ASSESSMENT EXERCISE

I Write the full electron configuration of sulphur

. Although oxygen and sulphur belong to the same group of the
periodic table, S&Hs more common and stable whereag Oirare.

iii. Give two uses of sulphur

iv.  Write the balanced equation for the redox reaction between iodine
molecule and thiosulphate ion

V. Give the equation of S{eaction with water

Vi. Of what importance is sodium thiosulphate in photography and
volumetric analysis?

4.0 CONCLUSION

Oxygen and Sulphur have six valence electrons wifhph electron
configuration. They are non-metallic and electronegative. Oxygegas
at room temperature while Sulphur is a solid. They are reaasitbey
combine with oxygen, halides, hydrogen etc., to form various compounds.

50 SUMMARY

. All the group members have a general valence electron
configuration ofns?np®.

o Both oxygen and sulphur are non- metallic in nature.

. 3.They combine with hydrogen, halogens to give some

interesting compounds.

6.0 TUTOR-MARKED ASSIGNMENT

1. Write the formula of a chemical species in which sulphur has the
following oxidation states
(@) 0 (b) -2 (c) +4 (d) +6. (Time allowed: 5 mins)
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1.0 INTRODUCTION
This group of elements constitute the fifth group ofghedock elements
and are referred to as group 15 elements of the periodic takiés Imit,

you will learn about the chemistry of the halogens, otherwisereefé¢o
as salt producers.

20 OBJECTIVES

By the end of this unit, you should be able to:

. describe the electronic configuration of group 17 element
o describe chemical properties of the elements.
o make comparative study of the chemistry of the elements.

30 MAIN CONTENT

31 Chemistry of the Halogens

The namehalogens came from two Greek words, which means salt
producer. These elements are members of group VIIA and sabeal
referred to as group 17 elements. The members of the group include
fluorine, chlorine, bromine, iodine and astatine. Fluoand chlorine are
gases, bromine is a liquid, while iodine occurs as a slidoom
temperature. This is because intermolecular forces betweetbeules
increase down the group of the periodic table. The last elemehe of t
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group, At, is radioactive and is generally excluded from thepeoative
study of the group.

3.2 Compounds of the Halogens

F needs less energy to break the molecule due to its semllhence it
reacts more readily than other halogens. The Reactivitheoklements
generally decreases down the group.

3.2.1 Halogensas Oxidising Agents

All the halogens have the highest oxidation potenf@kidising powers)
across any particular period of the periodic tadteindication that they have a
high tendency to accept electrons to form only univalent anaiaéion,

X"). This characteristic property decreases down the group petiwlic
table. This shows that F has the strongest oxidahility, followed by Cl and
Br, while I is a mild oxidizing agent. They all regdform alkali halides
with group A metals. The alkali metals towards the dmatbf Group |
A can react violently with fluorine and chlorine. Theyategeadily with
hydrocarbon, producing carbon

C10H22s) + 11Ch(g) 1 10Gs) + 22HClg
3.2.2 Reactionswith Water and Alkali

Both fluorine and chlorine are able to oxidise water. Fl@cian give a
mixture of oxygen and trioxygen
2F2(g) + 2H20q) [ O2(g) + 4HRag)

Chlorine does not release oxygen instead, solution contaanmigture
of hydrochlorous and chloric(l) acid (hypochlorous acid) is pcedu
Cl2() + H20O) [ HClag) + HCIO@aq)

Chlorate(l) ions, C1Q in a solution of chlorine are responsible for its
bleaching action.
The halogen reacts with cold dilute alkali accordintipéequation

X2+ 20H 1 X"+ XO + H20
and when heated with concentrated alkali as

3X2(g) + 60H(aq) U 5X°(aq) + X8 (aq) + 3H0O(1)

32



CHM 303 MODULE 1

3.2.3 Halidelons

Often, when a halogen reacts, each atom gains an elézigose a halide
ion. It is possible to distinguish between chloride, bronaidd iodide
lons. The simplest test involves adding silver nitratat®n to a solution
of the halide. This should be done in the presence afediitric acid;
otherwise other ions may give precipitates. Silver i@atr with halide
lons to give precipitate. These in turn can be identifiechby tolour,
e.g., Cl is white or by their reaction with ammonia solui

3.2.4 Uses of halogens

) Chlorine is used in water purification as disinfectant
i) Chlorine is used as a bleaching agent for pulp paper and in textile
industries.

i) lodine is used as germicide in wound treatment

V) lodine is used in the production of dyes and in photography

V) Chlorine is used in the manufacture of important compounds such
as vinyl chloride, CG| CHCk and CHCI

SELF-ASSESSMENT EXERCISE

I Explain why ICk exists but FGldoes not

. Explain why the order of oxidizing strength of halogen is F > ClI >
Br>|

Iii. Outline any four uses of chlorine.

\Y2 How would you distinguish among CBr and t in the laboratory?

4.0 CONCLUSION

Halogens, otherwise referred to as salt producers, are nolsnidiay
have seven valence electrons wit np® electron configuration. They
are highly electronegative and very reactive. Halogens areqyoaiding
agents and their oxidizing ability decreases down the group.

50 SUMMARY

o Group 17 elements have a general valence electron configuration
of ns’np®

. All the halogens are oxidising agents, fluorine bethg most
vigorous.

. The halogens exist as diatomic molecules.
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6.0 TUTOR-MARKED ASSIGNMENT
1. Give the formulae of the chloride of the following elements and

the physical state in which the compounds exist (a) magnesium
(b) hydrogen (c) carbon. (Time allowed: 5 mins)
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1.0 INTRODUCTION

In the Modular year, you have learnt about the chemedtiay group of

highly reactive elements, viz., the halogens. This unglsdeith the

chemistry of a group of elements which were considered tatber inert
till recently. These elements are helium, neomaygrypton, xenon and
radon. These elements which were formally referred to asberes of

Group VIIIA, constitute Group 18 of the modern periodic table.

If you compare Mendeleev's periodic table of 1871 with the mmode
periodic table, you will see that it is remarkably sanih its coverage
to the modern periodic table, with the exception that gnmup of
elements (Group VIIIA or 18) is missing. These elementgwet known
at that time and have been discovered only about a hundesd sgo.
Since these elements have very low reactivity, thengwalled inert.

However, the term inert is no longer applicable to theig@s a whole,
as the heavier elements of this group form compoundstiausi, are not
actually inert. These elements have also been cabedth gases, but as
argon forms nearly 1% of the atmosphere, and the gasebecreadily
isolated by the fractional distillation of liquid airlatv temperatures, this
name is also not very appropriate. They are now callechtible gases
by analogy with the noble metals, like gold and platinunciviare not
very reactive.

The unique chemical inertness of the noble gases ik refdcted in
the history of their discovery, which was followed by a Igag of a
few decades before xenon could be made to combine withtl@niynost
electronegative elements, fluorine and oxygen. In thisyaoni will study
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the discovery, isolation, uses, general charactesisind the compounds
of noble gases.

20 OBJECTIVES

By the end of this unit, you should be able to:

o describe the discovery of noble gases;

o discuss their electronic configuration and position in theoge
table;

. enumerate the properties of the noble gases and tlesir us

3.0 MAIN CONTENT

3.1 Discovery of Noble Gases

The story of the discovery and investigation of nobleegas one of the
most brilliant and interesting chapters in the historysoence. Their
discoveries can be traced back to 1784, when Henry Cavendish
investigated the composition of air. He mixed excess axygg air and

then passed electric sparks through the mixture.

The oxides of nitrogen thus formed, were removed by disgplinn
alkali solution and the excess of oxygen was removed pathssium
sulphite. The residual gas, which was always left behirath meither
nitrogen nor oxygen. It did not form more than 1/120th patt@briginal

volume of air. Time was not yet ripe for the disagvef noble gases.
What Cavendish had actually isolated was, of course, aumiof the

noble gases, but he could not characterise them.

It would be interesting for you to know that his figued®ut the volume
of residual gas are remarkably close to the proportioneohtble gases
in the atmosphere as we now know it. It was almostrdaury after the
investigation of the composition of air by Cavendish trdhtaaces in
spectroscopy, periodic classification and the study ofoeadive

elements made possible the discovery of all six noldega

Of all the noble gases, first came thscovery of helium, which is unique
in being the first element to be discovered extra-satedly before being
found on the earth. In 1868 the French astronomer, Rlangsen came
to India to study the total eclipse of the sun. Using a spsatipe, he
observed a new yellow line close to the sodium D linghenspectrum
of the sun's chromosphere. This led two Englishmen, cherbi
Frankland and astronomer Sir J. Norman Lockyer to sudbest
existence of a new element, which, appropriately, treyed helium,
from the Greek wordhelios meaning the sun.
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The terrestrial existence of helium was established byV@iiam
Ramsay in 1895. He showed that a gas present in trace anmouanés
uranium mineral, cleveite, has a spectrum identical thigh of helium.
Five years later, he and Travers isolated helium feom Cady and
McFarland discovered helium in natural gas in 1905 when treg w
asked to analyse a sample of natural gas that wouldunat b

Most developments in noble gas chemistry dé@m Lord
Rayleigh's observations in 1894. In order to test Prout's hgpist that
the atomic weights of all elements are multipleslat of hydrogen,
Rayleigh made accurate measurements of the densitiesnof@ogases
and found, to his surprise that the density of nitrogenirmddafrom air
by the removal of @, CO2 and HO was consistently about 0.5% higher

than that of nitrogen obtained chemically from ammonia.

He observed that a litre of nitrogen obtained fromvaighed 1.2572
grams while a litre of nitrogen obtained from ammoniagived only
1.2506 grams under the same conditions. This small ditferen0.0066
gram in a gram and a quarter made Rayleigh to suspect an undestove
element in the atmosphere. This reflects not only theaerdinary
experimental skill of Lord Rayleigh but also his scient#nd objective
method of thinking and working which led to the discovery eftmle
new group of elements.

Ramsay treated atmospheric nitrogen repeatedly with heatgeesiam
and found that a small amount of a much denser gas \itaseleind
which would not combine with any other element. Lord Rayleand
Sir W. Ramsay found that the residual gas showed spéntalwhich
were not observed earlier in the spectrum of any otle@enesit. In 1894,
they announced the isolation of the noble gas which theywdangon
(from the Greek wor@rgos, meaning idle or lazy, because of its inert
nature). They also realised that argon could not be putamghof the
other elements in the groups already identified in thegiertable.

In 1898, Sir William Ramsay and his assistant, Morris \avérs
isolatedneon (from the Greek wordeos, meaning new) by the fractional
distillation of impure liquid oxygen. Shortly thereaftdrey showed that
the less volatile fractions of liquid air contain twdet new elements,
krypton (from the Greek wordryptos, meaning hidden) andnon (from
the Greek wordenos, meaning stranger).

Element 86, the last member of the group is a short-laeibactive

element. It was isolated and studied in 1902 by Rutherford and Saddy
has been named eadon as it is formed by radioactive decay of radium.
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3.2 Position of Noble Gasesin the Periodic Table

Due to their inert chemical nature, the noble-gases ocaupgculiar
position in chemistry. Mendeleev had not left any vacaaicss for
the noble gases in his periodic table although he haduelft spaces
for several other elements which were not known at tinee. The
reason was that he could not imagine the existence vaioée group
of elements devoid of all chemical reactivity under caxdyconditions.
Therefore, the discovery of the noble gases at tteebseemed to upset
MendeleeVv's scheme of classification of elements.

After studying the chemical nature of the noble gasamdy introduced
a new group in Mendeleev's periodic table to accommodatset
elements. He placed this group after the halogens andelitfe alkali

metals in the periodic table. These gases occupy thedasnn of the

table. The inclusion of the noble gases has actually weprthe periodic
table because it provides a bridge between the strotegyr@negative
halogens and the strongly electropositive alkali metals

Just as you have studied in CHM 121, initially the group congi®f
noble gases used to be termed as the Group zero or the @b A.
But according to the latest IUPAC convention, number 18 been
assigned to this group. However, the position of the groueipériodic
table remains unchanged, that is, after the halogeti®ea¢nd of each
period.

3.3 Occurrence, I solation and Uses of Noble Gases

The noble gases constitute about 1.18% by volume of thaidat sea
level. Of all the noble gases, argon is the most @dninconstituting
0.93% by volume of the dry air. As shown in Table, &, Ne Ar and
Rn are also found occluded, though in very minute quantities, @oign
rocks. Certain natural spring waters contain small antsoaf dissolved
He, Ne and Ar. Large reserves of helium have beeantsy/ discovered
in hot water springs of Bakreswar and Tantloi in Westd&al. The gas
coming out of these springs contains about 1.8% of melNatural gas
in certain parts of the world, particularly in U.S.A., tains as high as
7% of helium. The principal source of Ne, Ar, Kr and Xeir. Due to
the difference in their boiling points (Table 2.1), thgases are separated
by fractional distillation of liquid air.

Although the concentration of helium in the air is fiumes that of Kr
and sixty times that of Xe, recovery of He from thisuke is
uneconomical. The main source of helium is natural gashwdonsists
predominantly of hydrocarbons and nitrogen. These are lepiddy
cooling under pressure.
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Table 2.1: Composition of dry air

Gas % by volume B.P.(K
)
N2 78.03 77.2
02 20.99 90.1
Ar 0.93 87.2
Co2 0.033 194.7
Ne 0.0018 27.2
H2 0.0010 20.2
He 0.0005 4.2
Kr 0.0001 119,6
Xe 0.000008 165.1

The residual helium is purified by passing it over actaatbarcoal
cooled with liquid air. The charcoal absorbs traces aviee noble
gases, leaving pure helium. Radon is obtained by allowinigrmadr
any of its salts to decay for some weeks in a sealedlvesse

Helium, being very light and non-inflammable is usediftoweather
balloons and to inflate the tyres of large aircraftereéby increasing their
payload. A mixture of 80% He and 20%® @ used in place of air for
breathing by deep-sea divers. Because He is much lesgesmilblood
than N, it does not cause sickness by bubbling out when theupeeiss
released as the diver comes to the surface.

The boiling point of helium is the lowest of any known dabese.
Hence, it is extensively used in cryoscopy as a cryogean. ifust have
heard ofsuperconductivity which is expected to bring revolutionary
changes in our life. So far, helium provides the only jpraktmeans of
studying and utilising such low temperature phenomena as
superconductivity, though intensive research is going orclamnus have
been made of achieving superconductivity in some matetidl2@5aK.

Again, the heat generated in the high temperature re&€iét)(must be
extracted by means of a suitable coolant. Helium seasemn excellent
coolant in these reactors. It is also used as a flasvig gas liquid
chromatography and in microanalysis.

Helium and argon are used to provide an inert atmosphere i@ som

chemical reactions, in welding operations of Mg, Al, and stainless
steel and in zone- refining of silicon and germanium. Arge
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extensively used in place of nitrogen in incandescentrigdutlbs and
radio tubes to prevent the oxidation and evaporation of nietal
filament. Neon, argon, krypton and xenon are used irhdige tubes—
the so-called neon lights for advertising, the coloudpoed depending
upon the particular mixture of gases used. Radon findsigedirase in
cancer treatment.

Superconductivity is a phenomenon in which the material ffer
resistance to the flow of electricity. It would, thenef, allow
transmission of electrical energy with practically norggdoss.

3.4 General Characteristics of Noble Gases

All the noble gas elements are colourless, odourless tasteless
monoatomic gases. Indeed, they are the only elementsekstt as
uncombined gaseous atoms at room temperature and one atneosph
pressure. Each atom, behaves as if it is effectivellatsd. Some
properties of noble gases are summarised in Table 2.2

It can be observed from the Table (2.2) that all the ngddes have eight
electrons in their valence shell except helium which baly two
electrons. Till 1962, the noble gases were considered taekteas their
compounds were not known. Lewis and Kossel in formulatimegr
electronic theory of Valence in 1916 stipulated that a groupiregght
electrons or an octet in the valence shell representera stable
configuration. Hence, they proposed the octet rule. Ating to this, the
reactions of elements can be explained in terms of tkadency to

achieve stable electronic configuration of the nearelstengas,nszan,
by gaining, losing or sharing of electrons.

As all the noble gases have the stalsfe or n52an configuration, they
have the highest ionisation energies compared to otheerlsmcross
any particular period of the periodic table. This is beeaua huge
amount of energy is required to disrupt this stabudy filled shell)
electron configurations. This reflects their relucanto chemical
reactivity. Analogously, the electron affinity of theslements is either
zero or has a small positive value.
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Table 2.2: Some Properties of the Noble Gases
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Therefore, they are unable to accept electronsrta finions. As we go
down the group, the ionisation energy of the nofdeses decreases.
This is because their nuclear grip on the valemeetren reduces down
the group. Thus, there is an increase in chemgzadtivity of the noble
gases as we go down the group from helium to radon.

Since, there are no usual electron pair interastiogtween the noble
gas atoms, the only interactions are weak van deal§Vforces.

Therefore, they have very low melting and boilirggrps in comparison
with those of other elements of comparable atomim@lecular weights.

In fact, the melting and boiling points of heliumeahe lowest of any
known substance.

The van der Waals forces of attraction between dtwmnms of the

molecules increase with increase in the numbeteat®ns per molecule
or atom, Heavy molecules containing more electatitraict one another
more strongly than the lighter molecules. Thus, e der Waals forces
between the noble gas atoms increase as we mowe tthewgroup from

helium to xenon.

Consequently, the melting and boiling points inseeavith the increase
in atomic number. Helium has two isotopgeie and?He. The latter
constitutes almost 100% of atmospheric helium. white behaves
normally, 4He has strange properties. When cooled below 2a2 &he

atmosphere pressure, ordinary quﬂlde, called helium-I changes to an
abnormal form called helium-II.

The temperature at which this transition of He-1He-II takes place
iIs known as Lambda point. Below this temperatuts, thermal
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conductivity increases a million-fold and the viscosity doees

effectively zero, hence it is described as a superfhlidhe noble gases,
especially helium, have tremendous ability to diffuse thhoalmost all

types of glass, rubber, PVC, etc.

SELF-ASSESSMENT EXERCISE

I You have read above that boiling point is related tohiheing
forces in atoms and molecules: In noble gases, timsadre held
by van der Waals forces. Can you now explain:

a) the relationship between the boiling points of nobleggase
and the van der Waals forces in their atoms?

b) why there is a steady increase in boiling points frEo
Rn in the group 18 of the periodic table?

. Outline the physical and chemical properties of noble gases

a) What reasons can be advanced for the discovery of noble
gases?

b) What made Lord Raleigh to suspect that there may be an
additional element in the air?

4.0 CONCLUSION

Members of this group are odourless, colourless, tasteless moimatom
gases at room temperature. They are characterized by flledce shells

and hence were initially referred to as noble, inert or non-keagtses.

The elements have highest ionization energies compared to other
elements in their periods of the periodic table. The electramtgfbf the
elements is either zero or has a positive value, hence they dormot
anion. Hence, they show extremely low reactivity. However, # letier
discovered some of them do actually react with other elements or
compound to form compounds.

5.0 SUMMARY

Let us now recall what you have learnt in this unit:

. 1.The atmosphere surrounding the earth is a mixture sfsga
consisting of nitrogen
o (78%), oxygen (21%), noble gases (1%), some other gases like

CO2 and air pollutants.
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o Noble gases were discovered in the order: helium in 1868, th
neon, argon, krypton and xenon in the 1890s and finally radon in
1902.

o 3.The characteristic stable valence electron configuraticoble

gases is & or n52an

. They have the highest ionisation energies and the lowsstat
affinity, melting and boiling

o points and heat of vapourisation in their periods.

o Noble gases have various applications, e.g., as cecdamt for
providing inert atmosphere.
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1.0 INTRODUCTION

Xenon difluoride, XeB can now be made by a simple reaction of xenon
and fluorine gases in a pyrex bulb in sunlight. But stilldbmpounds of
the noble gases were unknown until 1962. Is it not surgriat a
compound which can be prepared so easily eluded the worldemicsci
for so long? One reason for this is that most of thetieas were carried
out on argon, which was the most readily available, &edrésults of
experiments on argon, were thought to apply to all noblesgd4oissan,

in 1986, found that argon would not react with fluorine under any
conditions.

Secondly, attempts at reacting xenon with fluorine giselectric
discharge methods did not succeed, although Paulingreditied that
some noble gas fluorides should be stable. Chemistsdisreuraged by
these failures and also by the preconceived notion thaioihle gases
must be inert because of their stable electron configaraihe first
breakthrough in the noble gas compounds was achieved in 1962 by an
English Chemist Neil Bartlett. He was trying to make thewly
discovered compound R§Finstead he obtained a deep red compound

containing oxygen.

The X-ray diffraction of the red solid has shown it to e first known
salt of dioxygennyl cation, i.e. E)[PtF6]". This showed that P&~
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oxidises the oxygen molecule. Hurtled realised that xestmuld form
an analogous compound because the ionisation energy of XentthkJ

mol'l, is slightly lower than that of the oxygen molecule, 118th&l

1 When he brought xenon and Btégether, he obtained an orange
yellow solid, xenon hexafluoroplatinate, Xe[B}FThis opened the field
for the study of the chemistry of noble gases. True atendonding in
the noble gases seems to be restricted to krypton, xewbradon with
fluorine or oxygen as ligands. None, however, combinekl witygen
directly.

The oxides are made from the fluorides when they react waiier.

Krypton chemistry is limited to the difluoride, KeFwhich is stable only
below 353 K, and one or two complexes with fluorine Eglgpetween
krypton and another element. Radon is known to form at leas

chloride, but its formula has not yet been established becauthe
vigorous disintegration of the nucleus. Thus, the nobtapemistry is
effectively limited to the compounds of xenon.

20 OBJECTIVES

By the end of this unit, you should be able to:

o describe the important compounds of the noble gases,ysartyc
xenon, especially the bonding in these compounds;

o enumerate the structure and bonding in Noble gases;

o predict the Valence Shell Electron Repulsion Theory of the

compounds of noble gases.
3.0 MAIN CONTENT
3.1 Compoundsof Noble gases

3.1.1 Xenon Compounds

The chemistry of xenon is the most extensive in this grand the
known oxidation states of Xe range from +2 to +8. Struttlgtails of
some of the more important compounds of Xe are listdaine 2.3,
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Table 2.3: Structur e of Some of Xenon compounds

! Compound Oxidation No. of electron Remarks

State of pairs arounc 1 Xe Structure
Xe
Bond Lone Total
S = JpETS  PETE oo e =

Xel +11 2 3 5 Lincar L.one pairs occupy
quatorial positions of |

rigonal bipyramid
|
XeF, +Iv Bl 2 6 Square One lone pair above and the |
planar other below the plane of |

XeF, +V1 6 1 7 Distored

octahedral

XeO, +V1 (3] 1 7 Trigonal

pyramidal

XeO, +VIIn ® 8 Tetrahedral
1 -
i XcO,F, +VI 6 1 7 see-saw
I XeOF, +V1 ® i @ Square
i pyr: Lal
|
|
| XeOF, ! +Iv 4 2 6 T* shaped

Xenon reacts directly with fluorine on heating the gasesnickel vessel.
The products depend upon the amount of fluorine present arebitten
conditions:

2:1 mixture

Xe ++2 XeR2

700 K, sealedessl

1:5 mixture
Xe + 2 XeH
700 K, 6 atmosphee

1:20mixture
Xe + 3R > XeF6
500-600 K, 50-60 atmosphere

The compounds Xek XeF4 and Xefg are white solids which can be
sublimed at room temperature. The lower fluorides reaitt fluorine
on heating under pressure forming higher fluorides. Therifles are
extremely strong oxidising and fluorinating agents. Theact
guantitatively with hydrogen.

XeF2+H2—> 2HF + Xe XeR2 + H2 4HF
+ Xe XeR2 + H2 6HF + Xe
S
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They oxidise chlorides to chlorine, iodides to iodine,iuar(lll) to
cerium (1V), Ag(l) to Ag(ll), Cr(lll) to Cr(VI) and BrY) to Br(VII):

XeR2 + 2HCI — sXe +2HF +ZlI
XeF4 + 4Kl —>Xe + 4HF +2|
XeR2 + BrO3 + —> Xe + Brp+ 2HF They fluorinate many

compounds as well as elements:
XeH + 2SH — Xe+2SK

XeF4 + Pt —Xe + AF

XeHR + 2C6H6———> Xe + 2G5 H5F + 2HF

The fluorides differ in their reactivity with water. XgHlissolves in
water or acidic solutions, but can undergo slow hyysd on
standing. Hydration is more rapid with alkali.

2XeR2 + 2H20 —>2Xe + 4HF +20

Reaction of XeF; with water is violent since xenon trioxide, X80
formed is highly explosive:

3XeFs + 6H20 —>2Xe + Xe( 12 HE + 302

XeFs also reacts violently with water and undergoes slow hydrabysis
atmospheric moisture

XeF6 + 3H20 —Xe®+ 6HF

With small quantities of water, partial hydrolysis occuising a
colourless liquid xenon oxofluoride, Xe@F The same product is

formed when Xep reacts with silica or glass. Because of the step-wise
reaction which finally produces the dangerous ¥e®eFs cannot be
handled in glass or quartz apparatus.

XeFs + H20 —> XeQ@F 2HF
2XeFs + SIO — 2XeQF+ SiH

2XeOFRs + SIO —PXef@F?2 + SiH
2XeQOpF6 + SIO; —2Xe®+ SiH~

XeO3 does not ionise in aqueous solution, but in alkaline solmve
pH 10.5, it forms the xenate ion, [HX&O

XeO3 + NaOH —>NfHXeO4]
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sodiumxenae
Xenates undergoes slow disproportionation in alkaloletisn to form
perxenate and Xe gas

2[HXeOs}—+20H [XeOg]* + Xe + Q + 2H,0
Perxenate ion
Alkaline hydrolysis of XeF also forms perxenate

2Xek; + 160H——> XeQ; + Xe + Q™ + 12F + 8H,0

Perxenates are extremely powerful oxidising agents, camd oxidise
HC1 to C}

H,O to G, and Mn(ll) to Mn(VII). With concentrated }$0,, they give
xenon tetroxide Xeg) which is volatile and explosive:
Ba,XeO; +2H:S6r XeQ, + 2BaSQ + 2H,0

XePR2 acts as a fluoride donor and reacts with pentafluoridel as,
PF5, Ashs, SbFs, TaRs, RuRs, RhFs, IrF5 and Pt to form salts of the

types [XeF[IMFg]", [XeF]" [M,F.,]- and [XeF'[MFe]". XeH is

much less reactive in this respect and reacts only wittstiomgest F
acceptors such as SbhF and BiRks. But XeFs combines with

pentafluorides to yield 1. 1 complexes such as, Bfé[l?\sFe]' and
[XeFs] T [PtFg] .

Before proceeding to clathrates of noble gases, trydit@ving in-text
guestion related to xenon compounds.

3.1.2 Clathrates of Noble Gases

Crystalline clathrates or inclusion complexes of nogpeses have long
been known. In these complexes the noble gas atonisapgred in the
cavities of the crystal lattice of certain other gmunds such as quinol
or water. The formation of clathrates seems to dependetative
molecular dimensions rather than on any particular credraf@nity. The
atoms or molecules of any substance, which are of abbeiisize can fit
into the cavities of the host lattice, to form clatbg Thus, @, SO,
H2S and MeOH are examples of other substances whichdathrates
with quinol.
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When quinol (1,4-dihydroxybenzene) is crystallised fritsnagqueous
solution in the presence of heavier noble gases like AorKe under a
pressure of 10-40 atmosphere, crystals of clathratié® aompositioff-
quinol are obtained. The crystals are quite stable andpessist for
several years. However, when heated or dissolved inrwtite gas
escaped leaving behind quinol. Similarly, when wateresveld to freeze

in the presence of Ar, Kr or Xe under high pressure, atdmsble gas
get trapped in the crystal lattice of ice giving clathratesresponding
to the composition, 6§0D:1 gas atom. These clathrates are also known
as the noble gas hydrates. You can see the hydrates malyenot
stoichiometric since the degree to which the cavitiedibed depends
on the partial pressure of the guest material.

The hydrates increase in thermal stability down the groupbesoble
gases become more polarisable. With xenon, at a paréiasure of one
atmosphere, the hydrate is stable up to 275 K. Because o¥¢ngiow
polarisability, small size and low boiling points, nodmgtes of helium
and neon have been prepared. Clathrates provide a méastsriog
noble gases and of handling the varicaioactive isotopes of Kr and
Xe which are produced in nuclear reactors.

The crystal lattice with cavities is called thest, substance entrapped in
it is known agyuest

3.2  Structureand Bondingin Xenon Compounds

You would recall that prior to 1962, it was widely believedt ttiee

noble gases are chemically inert because of their staldetron

configurations. However, the discovery that their conmus could be
prepared made it necessary that some description be gitba oature
of bonding in their compounds. The nature of the bondstandrbitals
used for bonding in the compounds is of great intetesias been the
subject of considerable controversy as evident fromdikeussion of
bonding in some individual xenon compounds.

3.2.1 Xenon difluoride

It is a linear molecule. Bonding in Xgknay be explained with the

help of Valence Bond Theory (cf. Unit 4, Block 1, Atog&dviolecules
course). An electron from the 5p level of Xe is promotedhe 5d

level, followed bysp3d hybridisation.
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5s S5p 5d

Xe atom in ground state [ ‘1'u 1 1 J 1 LL \_ . l
Xe atom in excited state L 11 D LT 1 L_l_ ITi ‘l—[—|

spPd-hybridisation

The two unpaired electrons in axial orbitals foromtds with two fluorine
atoms and threéone pairs occupy the equatorial positions of the
trigonal bipyramid giving rise to a linear molecuale shown in Fig. 2.1

-

.
l%

Figure2.1: Linear structureof XeF2

The objection to this model is that the &rbital of Xe appears to be too
large and too high in energy to participate in dibation. However, it
has been suggested that the highly electronegatoms like fluorine
cause a large contraction in the size ofdharbitals enabling them to
participate in bonding.

Molecular orbital approach involving three-centoauif electron bonds
has been found to be more acceptable. The outectreaiec
configuration of the atoms involved in bonding are:

Sy 5p,  Sp,  Sp. 25 2p, 2p, 2.

e O] [Tale]sE] [EIRIL)

It is assumed that tHgpz orbital of xenon and th2pz orbital of the two
fluorine atoms are involved in bonding. These thezemic orbitals
combine to give three molecular orbitals, one begdone non-bonding
and one antibonding which can be represented asnsimoFig. 2.2

feha R ek T et i e Eemrones
REEVHSEY ARATREi T e evenre gt

THpm-Teseiioer (Siaer nerlsitaela e
RS TR L M B 130 0eT odmteThenioo,
sionsy  Hee Dwaneting affmeste I
sgoeps Bl fen spmvewsedlesdl Sape e
gt reg odlboihy fn Thee
axifies el

{ T x’:{‘_ﬁ"'\; 'y g \:K‘ "f:_\; T "‘:‘;g:..:. b B o g Eowrfafiouila gy
’ nREETIRI TR g B wrvsenclnagy.

Fig. 2.2: Molecular orbital representation of the 3- centre 4-electron
bond in XeF2
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The three original atomic orbitals contained fodectons. These
occupy the molecular orbitals of lowest energylasas in Fig. 2.3

1 1
Atromic orbitals 1 Molecular 1 Aromic orbital
of two F I orbitals 1 of Xe arom

Fig. 2.3: Molecular orbital energy level diagram for XeF2 molecule

A linear arrangement of the atoms gives the bestlay of orbitals, in
accordance with the observed structure. The sitaagi similar to that in
the boron hydrides where there are three-centre-B-bbnds (refer
CHE 121 except that in X@fhere are four electrons involved compared
with two electrons in the boranes.

3.2.3 Xenon tetrafluoride

The structure of Xekis square planar (Fig. 2.4). The Valence Bond

Theory explains this by promoting two electronsutiésg in sp3d2
hybridisation. Two of the positions on the octaleedare occupied by
two lone pairs. This gives rise to a square platracture. The alternative
explanation is that that in XafFthe Xe atom binds to four F atoms by
using two of itg orbitals to form two three-centre molecular orlsital
at rightangle to each other, thus giving a square plaragpesh

Xe atom in excited state 1k

Fig. 2.4: Structure of XeF4
3.2.4 Xenon hexafluoride

According to Valence Bond approach, 3 electronspanenoted and the

hybridisation issp3d3 which predicts a pentagonal bipyramidal or
capped octahetral structure as shown in Fig. 2.5.
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Sy 5p 5d

Xcatominexciledslale‘ 1 ‘ l 1 | 1 ‘ 1 ’ ‘ 1 '1 ]1 { J l
spAdB- hybridisation

According to molecular orbital theory, the struetwwf XeFs can be
explained by considering three three-centre modecaoitbitals mutually
at right angles and giving a regular octahedrapsh&hus, molecular
orbital theory fails here to predict the correcusture. A more detailed
discussion regarding this can be found in highers®s in the subject.

L

Fig. 2.5: Structure of XeFg

3.3 Molecular Shapes of Noble Gas Compounds and Valence
Shell Electron Pair Repulsion Theory

Thus, we have seen above that neither the valeoww dpproach nor the
molecular orbital theory is able to explain thediog in all the noble
gas compounds. The approach which has given thet ma®nal
explanation about the stereochemistry of noble gampounds and
provided the most readily visualised descriptiontledir shapes is the
Valence Shell Electron Pair Repulsion Theory (VSEBRGIllispie and
Nyholm. You may have come across this in CHM 101.

To recollect, this theory assumes that stereochims determined by
the repulsions between valence shell teec pairs, both bonding
and non-bonding (lone pair) of the central atona icompound, and that
the latter exert stronger effect than the former, the repulsion between
lone pair — lone pair electrons is greater tharelpair — bond pair
electrons and this in turn is greater than bond-paiond pair electrons.

Thus, in XeP, the valence shell of Xe atom has ten electraghf éom
the Xe atom and one each from the two F atoms.elTaesdistributed in
five pairs, two bonding and three nonbonding, whacé directed to the
corners of a trigonal bipyramid. Because of thereager mutual
repulsion, the three non-bonding pairs are situsité¢le equatorial plane
at 120° to each other, leaving the two bondingsppérpendicular to the
plane and so producing a linear F-Xe-F molecule.

In the same way, Xefwith six electron pairs is considered as pseudo-
octahedral with its two non-bonding pairs oppogit@ach other leaving
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the four F bonds in a plane around Xe. More distusty, the seven
electron pairs around Xe in Xglsuggest the possibility of a non-regular
octahedral geometry and imply a distorted structumeed on either
monocapped octahedral or a pentagonal pyramidangement of
electron pairs, with the Xe-F bonds bending awaynfithe protruding
nonbonding pair.

It will be interesting to devise similar ratiorsdtion for the xenon
oxides. Three electron pairs of the Xe atom candszl to complete the
octet of three oxygen atoms, leaving on lone paixenon. This gives a
trigonal pyramidal shape to Xg®nolecule (Fig. 2.6) Similarly in xenon
tetraoxide, four electron pairs from xenon can dowte with each of
the four oxygens forming a tetrahedral moleculeg.(R2.7). Such
coordination, however, leaves a rather high pasitivarge on the central
atom.

The tetrahedral silicate, phosphate and sulphates, iavhich are
iIsoelectronic with Xe@, are stabilised bpz-dz back bonding in which
lone-pair electrons on oxygen spend some tintearbitals on the central
atom. This helps to even out the charge distriloutigut 5d. orbitals of
xenon are ill- matched witl2p orbitals of oxygen, thus weak Xe-O
bond is consistent with rather litgher-dz bonding and considerable polar
character. Structural details of some xenon comgebased on VSEPR
theory are given in Table 2.3. Although chemistsemaken by surprise
by the noble gas compounds but as you can see W& soon found
to be readily accommodated by current bonding ibsor

Fig 2.6: Structureof XeO3 Fig. 2.7: Structure of XeO4
SELF-ASSESSMENT EXERCISE

I Complete the following reactions by writing the c¢Ban
conditions/products in the blank spaces given &mhereaction.

5

i) Xe+F; > XeF;
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1:20 (Xe:F2)
1) Xe+Fs \. 7
N1 crucible
—x*ek + 2HCI Xe+ ? + ?

. Give a brief explanation of the following:

) There are no known compounds of He and Ne?
i) Noble gas compounds are formed only with &d P27?

ii. On the basis of VSEPR theory, write the approprshiagpes of
the compounds given in column I, in the blank spacesiged
in column Il
Column | Column 1l

@y Xea L
(i) XeOH
(i)Xe0G4
(ivy XeFre

Iv. Of what importance are the clathrates of noble gases?

V. Explain why the tendency to form clathrate compounds in group
18 of the periodic table increases down the group.

40 CONCLUSION
Xenon compounds are the most numerous of the noble gas compounds.
Most of them have the xenon atom in +2, (Xp@4, (Xehk), +6, (Xek),

+8, (NaXeOs) oxidation states. The shapes of Xenon compounds can be
predicted using valence shell electron pair repulsion theory.

50 SUMMARY

Let us now recall what you have learnt in this unit:

. The chemistry of noble gases is limited due to the exceptional
stability of their closed valence shells.

o Only xenon reacts directly with fluorine forming fluorides.

. Oxides may be prepared by the reaction of water with fluarides

o 4. The shapes of xenon compounds can usually be explained with

the help of Valence Shell Electron Pair Repulsion Theory.
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6.0 TUTOR-MARKED ASSIGNMENT

1. Using valence electron pair repulsion theory, draw the structures
of XeR and Xek. (Time allowed: 10 mins)
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1.0 INTRODUCTION

As you already know, elements are classified on thes lafs their
electron configuration into s-blockp-block, d-block and f-block
elements. Thess and p- block elements together represent one of the
major groups of the elements and are called main grotgpoesentative
elements. Thal-block and thef-block elements represent the transition
and the inner-transition elements respectively. Moshefdiscussion so

far has centered on the chemistry of main group elenmaviag valence
electrons in s and/go orbitals only.

From this unit onwards, we will start the study of thet @s the
elements of the periodic table, namely, tHalock or transition elements
and thef-block or inner-transition elements. The name transigogiven
to the elements on the basis of their position in thegiertable and
their properties, that is, they occupy a position betwden highly
electropositive elements on the left and the eleegative elements on
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the right. Their properties are also intermediate betvge and p-block
elements. Thus, in this unit we will describe the gdrfeatures of the
transition elements with the emphasis on 8Boeseries and also the
periodic trends in their properties.

Here we would like to draw your attention to the fact dwhe chemists
consider transition elements as only those which, edkereutral atoms
or in any of their common oxidation states, have partigdfdl-orbitals.
According to this definition, the elements Zn, Cd angl &te excluded
from the list of transition elements. However, foe tsake of completion
of discussion on thd-block elements, the elemeris, Cd and Hg will
also include in the discussion on transition elements snutit.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

o describe the electronic configuration of transition &sts and
their ions,

o outline the general properties of transition elements,

. describe the periodic trends in the properties of trams@lements.

3.0 MAIN CONTENT

3.1 Electron Configuration of Transition Metals

Electron configuration of the elements has been discussdétail in
Unit 1 of this course. Hence, we will concentrate logg on the features
relevant to transition elements. You already know thet €lectron

configuration of the argon atom i52B22p63523p6. In atoms of the
successive elements from potassium to zinc, electtansenter either
3d or 4s orbitals. In potassium and calcium atoms the diffea¢ing
electrons enter thesdrbitals, so the electron configuration of calcium

can be written as [Ar]gs

At scandium, the3d orbitals begins to be filled instead 4 and the
resulting configuration of the atoms of transition elatads shown in
Table 3.1 The electronic configuration of the ions carol&ained by
removing first the outes electrons of the atom and then the owder
electrons until the total number of electrons remowedqual to the

charge on the ion. For example,?Nhas the configuration of [Ar]%
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Table 3.1: Electron configurations of the free atoms and dipositive
ions of the first transition series

Eiement Free Free Element Free Free
atom M?" ion PRGN TN ks
S [Ar]3d" 45° [Ar]3d' Fe [Ar)3d° 457 [Ar]3d°
Ti (Ar]3d%4s? (A3 - "Co (Ar)3d 45" (Ar)3d’
v (Ar]3d’4s (Ar]3d® Ni [Ar]3d 45’ (Ar]3d
Cr [Ar)3d’4s' [Ar)3d’ Cu [Ar]3d"%4s' [Ar]3d”
Mn (Ar)3d4s? A3 ,  Zn [Ar3a'’as®  [An3°

Now you may ask as to why the electrons in potassium datievel
rather thar8d and then later (from Sc to Cu) wBg levels are filled prior

to 4p level. The radial dependence of therbitals is responsible for this
order of filling of electrons in these elements. Ad. shows the plot of
radial probability functions introduced in Unit 2 of Atoms andl&tules
course for é8d and4s electron in the hydrogen atom. Let us assume that
the radial probability functions f@d and4s electron in a multi electron
atom follow the same pattern as in the hydroggem.

You can see from Fig. 3.1 that significant humps in 4egrobability
function occur close to the origin, and well inside thexmum of the

3d probability function. This suggests that the electron penetrates
significantly into the argon core and spends an appreciableopati

its time close to the nucleus. The average nucleagehexperienced
by the 4 electron is, therefore, higher than that experienced bgdhe
electron and thus after argon, in potassium and calciemléttrons enter
the 4s orbital rather than thed3 As these two electrons are added, the
nuclear charge is also increased by two units.

2
aitfy
1.5
1.0
o 3d
G ' 1 1 T
5 10 15 20 25
r/ce
4?"Cr2“l"2
0.6
0.4 2 ;
0.2
4s
0O i 1 1 1
5 10 15 20 2

r/deo

Fig. 3.1 Radial probability functions for 3d and 4s orbitals in
hydrogen atom ag, the radius of first Bohr orbit is53.9 pm

As the 3dorbitals penetrate thés orbital more than thdp orbitals can
penetrate thedorbital, the net result is that the effective nuclelaairge

58



CHM 303 INORGANIC CHEMISTRY 1lI

for the 3d orbitals increases abruptly and they now drop well beloav t
4p orbitals to about the level of thts orbital. Moreover, as the atomic
number increases, thdd probability maximum progressively moves
closer to the core and they continue to drop in energyn&kieelectron,
therefore, enters tHgd orbital prior to thedp orbital. The variation of the
energies of the orbitals with increasing atomic numbeshown very
clearly in Fig. 3.2.

This process continues until the entdeééshell is filled. Thus, at Zn we

have the configuration [Ar]gs 3d10. Thereafter, the next lowest
available orbitals arepdwhich get filled in the next six elements. This
same sequence of events for the filling eaBd 4l orbitals is repeated
again in the elements following krypton in the secondsitem series.
This series starts with Y and is completed at Cd havilg t

configuration [Kr]43110552.

]
—_

Fig. 3.2: Thevariation of the energy of atomicorbitalswith increasing
atomic number inneutral atoms

After xenon, (Kr]4:|105525p6, the next available orbitals aré, &d, 6s
and @ orbitals. The #lorbitals are so slightly penetrating with respect to
the xenon core that they have scarcely gained any stabiiiile the
more penetrating 6s ang tevels have gained a good deal of stability.
Hence, in the next two elements, electrons are addesicibi€als giving

Cs and Ba, respectively.

However, the §electrons do not shield thé drbitals effectively, so the
latter abruptly feel an increase in effective nucleargdand thus suffer
a steep drop in energy (Fig. 3.2). At the same time, wéhatdition of
electrons in the $orbital, the 8 orbitals also drop in energy in the same
manner as thed3ones. This creates a situation in whicth &d 4f
orbitals are of almost the same energy. The next eteatrétanthanum
thus enters théd orbital, but in the following element cerium, the

electronic configuration is [Xe]("y‘)sEdl 4f1. The electrons then continue
to be added to thef4rbital till we reach ytterbium which has the

configuration [Xe]6§ 4614
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Now with the 6s andf4shells being filled, the next lowest levels are
the 5d orbitals Hence from lutetium onwards, the electrons entebthe
orbitals. This continues till we reach mercury which has the

configuration [Xe]@4f145dlo. The electron configurations of transition
elements ofid and5d transition series are given in Table 3.2.

If the filling of the orbitals in transition elemertekes place through the
above scheme, then you may wonder why in the case of slements
e.g., Cr and Cu (belonging to the first transition sendd)Mo and Ag
(belonging to the second transition series) their eleatmriigurations

are written as [Ar]a54§ and [Ar]3d104sl for Cr and Cu respectively
while [Kr]4d10551 is for Ag. This is because these configurations are
considered to give more stability to the elements, ratiaar [Ar] wt4s?

and [Ar] 31%s? and [Kr] 409552 respectively.

This apparent stability can be associated with the high syadifilexactly
half filled and completely filled orbitals. Half- fillednd completely-
filled orbitals have an exchange energy considerably gréader the
exchange energies associated with any other configuratidimis

exchange energy is the driving force for these configquaito take an
electron out of turn in order to achieve or maintain thd-fileld or

completely-filled configuration. Also, these couifigtions provide
the most symmetrical distribution of electrons whguffer the
minimum mutual repulsion.

Table 3.2: Electron configuration of 4d and 5d transition elements

Elements of o Elements of

second transition series third transition series

Y . (Krdd'ss? La (Xe)Sd'6s®
7r [Krl4d?5s? Hf [Xel4f*5d%65°
Nb [Krldd*ss' Ta [Xeldr s 6s?
Mo (Krldd*ss' w [Xeldf*sd'6s?
Te [Krl4d®ss* Re {Xe)df*sd6s*
Ru [Krdd'ss' Os [(Xel4f*5d6s"
Rh [Krldd'ss' Ir [Xeldf*5d 65
'Pd (Kr}4d'"0ss" Pt (Xeldf*sd%6s'
Ag [Krj4d'%ss' Au [Xeldr' s s
cd [Krldd'"0ss? : Hg [Xeldr 5" %652
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3.2 ExchangeEnergy

The exchange energy for any configuration is proportionahe¢otatal
number of possible pairs of electrons with parallel spirany orbital,
l.e., BEex = K x P, whereK isa constant an@ is the number of possible

pairs of electrons with parallel spin. If n is the numbkelectrons with

parallel spin for any configuratio®, will be equal to'C2. Accordingly,
values ofP for different values of n are given as:
n 1 2 3 4 5 6 7

P O 1 3 6 10 15 21

Let us compare the exchange energy for two possible coatigpuis O
452 and 3°4s! for chromium.

AT ) (] e [ ] [

3d'4s? 3345

Electrons present insdorbital in the two configurations contribute
nothing to exchange energy as they do not constitute any phir w
parallel spin. Four unpairettelections in first configuration can make
six pairs of electrons with parallel spin and thus coateldX towards
exchange energy whereas five unpairggelectrons in second
configuration contribute Xtowards exchange energy because they can
constitute 10 combinations of pairs of electrons with pergpin.

This gain of K in exchange energy would favour theias!
configuration for chromium. But you should remember thaichieving
this configuration, there would be loss of energy in pramacdn electron
from 4s to 3d orbital. In case of chromium the gain in exchange energy

iIs more than the loss in energy and therefod?, &' is the favoured
configuration. Similarly, you can compare the exchange esefgr two

possible configuration3d9452 and 3119 4t for copper.

3d 4s T 3d 4s

[l o] [ [nwlm[njnlng [1]

3d°4s? , 3d' 045!
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The former configuration has two sets of electrons witlalgrspin —
one set has five electrons represented by upward armdvgha other
has four electrons represented by downward arrows.

These two sets of electrons will contributeKlénd & i.e. a total 16K
towards exchange energy. On the other hand, the lattBguw@tion has
two sets of five electrons each with parallel spin whidhaentribute a
total 2K towards exchange energy. Thus, there is a net gaiik af 4

exchange energy if copper has the configuraﬂdi"no4s|. However, in
achieving this configuration, there will again be aslas energy in
promoting an electron fronsdrbital to 3d orbital, which happens to be

less than4K, the gain in exchange energy. Hence, KB[¢10451
configuration becomes more stable tBal 452,

It is also worth mentioning here that though 4kerbitals are occupied
before3d orbitals, we cannot say that they are always more estéil
fact, the ionisation of the transition elements tgdase by the loss ofs
electrons first before those 0f-1)d. What happens actually is that when
the electron is ionised from any transition element, bayohe fron8d
series, the effective nuclear charge experienced bydhaectrons is
greatly-enhanced over that of adyg electron as a direct consequence
of the greater stability attained by tBd orbitals in the due course of
filling (cf. Fig.3.2). Consequently, th&d orbitals are expected to drop
significantly in energy below thes®rbital. Thus, ionisation of two or
more electrons from an atom of a transition elemalhtake place with
the removal ok electrons in preference to tbeslectrons.

Thus, we see that it is the net effect of all thedsr comprising nuclear-
electronic attraction, shielding of one electron by otlfrens the nuclear
charge, inter-electronic repulsion and exchange forted, determines
the stability of the electronic configuration.

3.3 General Characteristics

In the preceding section you have learnt the electrongtoation of the
transition elements and their position in the periodicetaBlased on
these two, the transition elements have certain canpraperties, which
are given below:

1) All are metals and form alloys with one another anthwther
metallic elements.

2) They are hard, strong, ductile and malleable

3) They have high melting and high boiling points.

4) They are good conductors of heat and electricity.
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5) Many of them are sufficiently electropositive to dissolve in
mineral acids although a few are noble — that is, tmeye
such low electrode potentials that they are unaffected by simple

acids.
6) They usually exhibit multiple oxidation states.
7) They form coordination compounds/ions. In fact, the cteni

of the transition elements is mainly associated withuse ofd
as well ass andp orbitals in forming coordination compounds.

8) The transition metal complexes are usually coloured.

9) Most of their compounds are paramagnetic.

10) Many of these elements and their compounds act agstattr
chemical reactions.

3.4 Periodic Trendsin Properties

In the previous section you have studied the important pgrepeof

transition metals in general. As you know the transitiomaleeare an
integral part of the periodic table, like the main grolgments, the
transition metals are also expected to exhibit periodiat their

properties. Let us see how their properties vary frongooep to another
and from one period to another.

Some of the important properties of the elementdefseries arc listed
in Table 3.3 If you study the data in the Table carefully, you will
notice that along a period, these properties vary muchfriessone
element to the other as compared to the main group elemdimsugh,
the horizontal similarity amongst tlak block elements are well marked,
yet the chemistry of the elements of first transitiseries differs
considerably from that of the elements of the secouldtlaird transition
series, which are incidentally more similar to each other.

This difference in the trends in the properties of dklelements from
those ofs-andp-block elements arises from a basic difference in their
electronic configuration. While in the building up of elerse from
lithium to fluorine, the electrons are added to the outstrsbell, in the
case of transition metals, the electrons are added to(inigd subshell.

Let us see how this contributes to the variation inpifoperties of the
elements.
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Table 3.3: Propertiesof 3d elements

Property Scandium - Titanium . Vanadium ~ Chromium ~ Manganese  ron Cobalt Nickel Coppe‘r Zinc
i Se Ti v Cr Mn Fe Co Ni Cu Zn
21 2 23 24 25 26 27 28 29 30
Atomic weight 44.956 4790 50942 ° 5199 54.938 55.847 58.933 58.710 63.54 65.37
Metallic 164 147 135 130 135 126 125 125 128 137
radius (pm) :
*lonic fadius 81 76, 68 74, 60 84,69 80, 66 76,64 74,63 72,62 96,69 74
(pm) . (3+) (GHEH  GHEy . 2HEH . 2HEGH 2908 2908 H0H  (Hes (24
Covalent 144 132 122 s 17 11k -6 s 117 125
radius (pm) o .
Boiling point 3000 ' 3533 3673 2753 2370 273 3 3005 2868 1180
Mel,(ing point 1812 1948 2173 2163 1517 1808 - 1768 1726 1356 692
K)
Depsity 300 4s 6.11 7.2 744 7.86 8.86 890 8.92 7.13
10°x kgm™ i
Electro- 12 13 145 1.55 1.6 1.65 17 1.75 175 1.65
negativity -~
(AR): .
‘lonisation 15t 633 659 650 653 Uy 762 759 736 745 906
jenergy 2d 1235 1309 1414 1591 1509 1561 1644 1751 1958 1732
Imol™) 3rd 2388 . 2648 2866 2992 3259 2978 3230 3391 3556 3828
Blecubde i an avy  an @ (n «m (In i {an m (I [{13] M oan
Potential (V)*' -2,1 ~1.2-1.63  -1.2-086 ~091-074 ~1.18-0.28 -0.44-0.04 -0.28 +0.4 -0.25 +0.52 +0.34 -0.76

*Valuesin parentheses refer to oxidation states of the metal, + (111)
refersto couple M 3*/M etc.

3.5 Atomic Radii, Atomic Volume and Density

From Table 3.3, you can see that there is a gradual decireatomic
radius across a row of transition elements. On pa$sing left to right,
additional positive charges are placed on the nucleus and
correspondingly electrons are added to the ¢h-ddbitals. As the
electrons in thed orbitals shield thenselectrons and also themselves
from the nuclear charge incompletely, effective nuctdaarge felt by
them increases and hence a contraction in size occurs.

As a full coverage of atomic size has already beemgdiv€HM 101 we will briefly go
through this topic to recapitulate what we have alrésaiynt earlier.

However, it is important to emphasise here that sinigldf the outens
electron(s) by (n-g electron(s) is more efficient than the shielding of a
ns electron by anothens electron (or that of anp electron by another
np electron). This is why the decrease in atomic radius sodium to
chlorine is greater than that from scandium to coppebl€ld.4). The
elements which occur immediately after the transitioemeints are
smaller than expected from simple extrapolation frome group
elements. This is due to the cumulative effect of indetapshielding

provided by (n-]f)10 electrons and therefore, the effective nuclear
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charge fell by the outer electrons of the elemepts fgallium to krypton
Is greater than that if thd-orbitals had not been gradually filled in
transition elements.

The rate of decrease in size along the lanthanidesssriven less than
that in the transition series since in the lanthanidegléctrons are added
to the penultimate [(n-#)shell and these shield the outer electrons much
more effectively. The presence dfdlectrons in the lanthanides affects
the atomic size and therefore, the chemistry of ments following the
lanthanides. The atomic radii of the elements of thaddition series are
much smaller than expected. This is due to the effect ajrdeer than
expected effective nuclear charge felt by the electobtise elements of
the third-row transition series, hafnium to gold, owiodte insertion of
lanthanides.

Table 3.4: Metallic radii (pm) of some elements of Groups 1-13

La 2 3 4 s 6 18 9 40 w42 i3
,—(«—— Ca Se Ti \ Cr Mn Fe Co Ni Cu 7n Ga
235 197 164 147 135 130 135 126 125 125 128 137 141
LUNEY Y 7'’ Nb Mo T¢ Ru Rh P4 Ag Cd In
248 215 178 160 146 139 136 - 134 134 137 144 154 166
Cs Ba La Hf Ta w Re Os Ir Pt Au Hg TI
267 222 188 160 149 141 137 435 136 139 146 157 17

This trend in the variation of the metallic radii inalkalkaline earth
and transition metals is shown in Fig. 3.3. As we movenfadkali
metals to alkaline earth metals and from alkaline earttalméo the
transition elements, the radii decrease steeply but nwitfansition
elements this rate of decrease is less. Howevedatzein Table 3.4 and
Fig. 3.3 show that the general trend of decreasingsiaversed towards
the end of the series. This could be due to an increaseerreigictronic
repulsion after the addition of sufficient number ofcélens in thed
orbitals leading to the gradual increase in size.

The group trends in atomic radii of the transition edata are parallel to
those observed is- and p-block elements. As we go down the group,
there is an increase in atomic size up to the secondtivarseries. This

IS not unexpected in view of the fact that the diffeagimg electrons enter
the 4d orbital in the second transition series. However, the of the
elements of third transition series is almost sintdaihat of the elements
of second transition series because of the filling idfadrbitals in the
lanthanides.
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Metallic radius {pm)

L L 1 1 1 1 L 1 L 1 [
i 2 3 4 5 (-3 7 8 9 10 1" 12 13
Group number

Fig. 3.3: Trend in metallicradii of alkali, alkaline earth and transition
metals of fourth, fifth and sixth

Atomic volume of an element is directly related tositee and, therefore,
atomic volumes follow the same trend as the atonze. sSimilarly,
density is also related to the size of the elemeng Sihaller the size,
the higher is the density of the element. Thus, thergenaral trend of
increasing density across the elements of a trans#@oas. This is well
represented in Fig 3.4 which gives the variation of theitlea of alkali,
alkaline earth and the transition metals of the foufifthh and sixth
periods. Fordd and5d elements, this increase is not that regular as the
increase in densities f@&d elements. Along the group also, the density
increases (Fig. 3.4). The increase in density withindock groups

is greater than thatithin the 5 ang block groups.

3.6 Meédlting and Bailing Points

The melting and the boiling points of the transitiomneénts are usually
high (Fig. 3.5). The melting points of the elements ddpapon the
strength of the metallic bond. As we know, the triamsi metals
crystallise in the metallic lattices. The strengthtloé metallic bond
increases with the availability of the electrons to ipgdte in the
bonding by delocalisation. Notice that between calcamd scandium
(whered electron first appears), there is a jump of nearly 700 #én
melting point. The presence of one or more unpairedectrons thus
leads to higher interatomic forces and therefore, highimgednd boiling
temperatures. Thus, we can think that with the increasaidpaility of
the unpairedd electrons, the strength of the metallic bond increases
resulting in higher melting points. But, we cannot gelisgdahe argument
because when we move across any period in the periode;, tdie
melting point increases up to the middle of each tramsiseries and
then it decreases with the beginning of electron pairing.
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Figure 3.4: Thevariation of the density of alkali, alkaline earth and
transition metals

For the elements of firdransition serieghere is a sharp decrease of
melting point at manganese, which has five unpaide@lectrons.
However, the softness and low melting point of Zn,a@d Hg (Hg is a
liquid) in which all the electrons are paired up can terdbti be
explained on the above basis. The melting points oktéments of the
first transition series are comparatively lower thassthof the elements
of the second and third transition series. This trendrigwell illustrated

in Fig. 3.5.

ssoo}-

oo

Mg poit %)

Fig. 3.5: Trend in melting points of alkali, alkaline earth and
transition metals of the fourth, fifth and sixth periods

The periodic trends in the boiling points are sintitathose in the melting
points. As the process of boiling requires almost cetapbreaking of
bonds and such metallic bonding exists in the liquitkgtasome extent,
high temperatures are necessary. Therefore, the bqbngs "f the

metals are much higher than their melting points.

3.7 lonisation Energy

You have already learnt about the concepts of ionisatiengy and how
it varies with the atomic size in Unit 2 on periodicity. the case of
transition metals also, the variation of ionisatiorrgp@cross the periods
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and down the groups parallel quite closely thednenatomic size (Fig.
3.6).

As we move across a period, the effective nuclbarge experienced by

ns? electrons goes on increasing causing the sheB&riak in size and
thus making it difficult to remove the electronshug, along a period,
the ionisation energy increases. This can be cldeftken the values of
the first ionisation energy of these elements giwermable 3.3. The
second and the third ionisation energies follow game pattern, except
for the second ionisation energies of Cr and Ciclwvlarc comparatively

higher due to the extra stability ad° and3d10 configurations.

The ionisation energies of the elements of the r@cand the third
transition series also follow the same trend altimg period. As the
decrease in the size of the transition metalsss tkan that of the main
group elements along a period, the ionisation eeergnd to increase
along the series only slightly as compared to tlanngroup elements
(Fig. 3.6). Sinces and thed electrons do not differ much in energy, the
difference in the successive ionisation energieglively small.

As we move down a group from the elements of fiatsition series to
those of the second, there is a decrease in theaimn energy. But
it again increases when we move further down tbegifrom second to
the third transition series. This trend is consist@ith relatively small
size of the atoms of elements of the third tramsigeries. This is due to
the insertion of the lanthanides which causes hmel-tow transition
elements to have greater than expected effectigkeaucharge.
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Fig 3.6: The ionisation ener gies of the elements of the second and the
third transition series

3.8 Electronegativity
Transition elements have fairly low values of elenegativity. It

increases from Sc to Cu with a fall at Mn and Zowdver, this increase
in electronegativity is much lower because the tmithl electron is

68



CHM 303 INORGANIC CHEMISTRY 1lI

being added to an inner shell which provides relatively gocdshg
to the outer electrons from the nucleus. The increadeujrenegativity
from Sc to Cu means that the elements become slighsly faetallic
and this is reflected in the increasing positive electpmtentials of

their ions M and M3+ (Table 3.3).

3.9 Electrode Potential

Before going into the details of the variation in thecilode potential of
the transition elements, let us discuss the conceptecfrode potential
first. When a metal is placed in a solution of its i@gotential difference
Is set up between the metal and the solution. Theadaesdency for the
metal ions to leave the metal lattice and go into thetisol thus leaving
an excess of electrons and hence a negative charde anetal. Also,
there is a reverse tendency for the metal ions frensttution to deposit
on the metal leading to a positive charge on the metal

In practice, one of these effects is greater than ther,dbringing about a
potential difference between the metal and the soluliba.value of this
potential difference for a particular metal depends ugpennature of
metal, the concentration of the metal ions in solutiand the
temperature. By convention, the potential differenceugetn a 1M
solution of metal ions at 298K is called ttandard electrode potential.
It is not possible to measure standard electrode potemtizolutely.
Standard electrode potentials, therefore, have to besuresh against
some reference standard, the one adopted is the hydregao@e. This
consists of hydrogen gas at one atmosphere pressure scicaith a
1M solution of its ions at 298 K.

In general, we can say that the more the negativevahee of the

electrode potential for the couplenI\JWM, the more is the reducing power
of the element. Similarly, the more the positive valak electrode

potential for the couple Ri/M, the more is the oxidising power of the
element. The values of some standard electrode poseritialthe
elements of first transition series are given in Tak#e 3

Electrode potential is a measure of the electroposiinagacter and the
reactivity of the metals. In general, along a peribdré is a decrease in
electropositive character. The reactivity of metdd® alecreases along a
period and down a group. As you can see from Table 3.3,hall t
elements of the first transition series, except copp&ve megative

values and can react with acids+()Hproducing hydrogen. A plot of
variation of the electrode potential of the transititemeents of3d series
Is shown in Fig. 3.7
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20 2t 22 23 24 25 .26 27 .28, ;.29 . 30
Atomic number

Fig. 3.7: Trendsin electrode potentialsof transition metalsof 3d series

SELF -ASSESSMENT EXERCISE

I Of the following pairs, indicate the element whicleigjer in size:

(1) Calcium or scandium?

(i) Vanadium or titanium?

@)  Chromium or molybdenum?
(iv) Iron or osmium?

. Briefly explain why zinc and cadmium are soft metals.

. Which of the two orbitals @ and 4 has higher energy at
potassium?

iv.  Which of Sé* or CU#* is paramagnetic? State your reason

V. Which of Zrf* and C@" is a transition metal or ion? Justify your
choice.

Vi. Define standard electrode potential.

4.0 CONCLUSON

These are elements in which the differentiating electron d€ntéid
orbitals. Transition metals also callddblock elements are elements with
partially filled d-subshells in the free or commonly occurring oxidation
states. Transition elements have metallic property, an inoliicttat they
are hard, ductile, malleable, good conductors of heat and elgcénnit
have high melting and boiling points.
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50 SUMMARY

Let us now summarise what we have learnt in this Whis unit focuses
on the transition metals and their characteristics hale learnt:

o The electronic configuration of the transition elemeantsl how
the filling of the orbitals takes place with the iease in atomic
number.

o That unlike the main group elements, the differentiatiegteon

enters the penultimate (nelprbital in transition metals. This
reflects in the properties of the transition metals &hd
periodicity in their properties.

o The variation of size, density, volume, melting andibgipoints,
lonisation energy, electronegativity, electrode potéraiedation
states and reactivity of the transition metals.

6.0 TUTOR-MARKED ASSIGNMENT

1. Suggest plausible explanation why the melting points of transit
metals are generally higher than thoses-bfock elements in the
same period. (Time allowed: 5mins)
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1.0 INTRODUCTION
In module 2 unitl, you learnt about the electron configuration of transition
elements and their general properties. In this chapter, yoleaii about

their general reactivity as well as the properties thapeceliar to these
elements.

2.0 OBJECTIVES

By the end of the unit, you should be able to:

o predict the nature of complexes in transition metals;
o identify the colour of each of the transition metals;
o have an overview of the general reactivity of transitieetals.

3.0 MAIN CONTENT

3.1 General Reactivity

Except in unusual circumstances, metals act only as redageaqts.
Generally, the reactivity of the transition metalgeducing agents tends
to decrease as you go across the periodic table fribrtoleight. The
trend in their reactivity can be related to their electqpatentials. Group
3 metals including lanthanides and actinides are strong repagents.
The metals of Groups 4-7 are moderately reactive lie, iruthenium,
osmium, cobalt and nickel of Groups 8-10. The remainirgals of
Groups 8-10, rhodium, (iridium, platinum and palladiumyadl as silver
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and gold, have low reactivity. Because of this redatnertness, they are
callednoble metals.

3.2 Oxidation States

The concept of oxidation state has already been introdudbd marlier
unit of this course. Therefore, here we will consider dxidation states
exhibited by transition metals only. Transition elements keixai wide
range of oxidation states differing usually by units of.dirf@s is due to
the fact that (n-IJelectrons may get involved along witk electrons in
bonding, as electron in (nelprbital are in an energy state comparable to
ns electrons. From Table 3.5 you can see that there exggsexal trend
of lesser number of oxidation states at each end ottiessand a higher
number in the middle. The lesser number of oxidation statethe
beginning of the series can be due to the presence of taaldetrons to
lose or share, towards the end of series it can b#éaddo the presence
of too many electrons and thus fewer empty orbitals to shactrons
with the ligands.

Table 3.5: Oxidation states of transition elements of d-block (the
most common oxidation states arein bold type)

Sc Ti v Cr " Mn Fe Co Ni Cu Zn
-3 *2 . +1 +2 . +2 +2 +2 +2 +1 +2
+3 +2 +3 +3 +3 +3 +3 +2

-4 +3 +4 +4 +4 +4
+4 +6 +6 +6
T +5 . +7
Y Zs Nb Mo Tc Ru " Rh Pd Ag cd
+3 -4 +3] +3 +4 +2 +3 +2 +1 +2
. +5 +4 +6 +3 +4 +3 +2
+5 : +7 +4 +6 +4 +3
+6 +5 -
+6
+7
+8
La Hf Ta W Re Os ir Pt Au Hg
+3 -4 +4 +2 +3 +2 +2 +2 +1 +1
+S +3 +4 +3 +3 +3 +3 +2
+4 +5 +4 . +4 +4 '
+5 +6 +6 +6
+6 +7 +8

Another feature is the reduced tendency of higher oxidatitessttawvards
the end of the series. This could be due to steady incretse effective
nuclear charge along the series, thus pullingltitals into the electron
core and not making them readily available for bondiuy example, the
only oxidation state for Zn is Zn(ll) where mborbital is 'involved. On
the other hand, early in the series, it is difficultféom species that do
not utilise thed electrons i.e., Sc(ll) is virtually unknown and Ti(IV) is
more stable than Ti(ll).

Now let us see the trend in the oxidation states asovae®gn the group.
A full range of oxidation states of the transition edgms is shown in
Table 3.5The trend in the stability of oxidation states with in theugs
is different for the transition elements and the ngroup elementésand
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p block elements). For the main group elements, the higtation state
becomes less-stable going down a group because of ineréffest.
However, for the transition elements the stabilityhef higher oxidation
states increases going down a group.

To illustrate this trend, let us first look at GrouptGsicomposed of Cr,
Mo and W. We have seen that chromium+f oxidation state as in
K2CrOs is a good oxidising agent forming ras the product. This
means that in many instances Cr(lll) is more stable @gW1). In

contrast, molybdenum and tungsten are not easily reducedthdyeare
in +6 oxidation state as inA#00; and KRWO4, This implies that lower
oxidation states, e.g., Mo(lll) and W(Ill) are not assye to form as
Cr(lll), making the +6 oxidation state more stable. Thhe,stability of

the +6 state for Group 6 elements will b WMo®+>C®*. we find
the same trend in Group 4 which is composed of Ti, Zr aindrét all
the three elements, the most stable oxidation state dawever, Ti(ll)
and Ti(lll) can be formed from Ti(IV) by the use of good redg agent
but lower oxidation states of Zr and Hf are extremelfyadilt to prepare.
Table 3.6 shows how various oxidation states of some etsraéperiod
4 tend to react with respect to oxidation and reduction.

Going from left to right across period 4,2|\J7I(aq) ilons are known for the

last seven elements from V to Cu an&JMaq) ilons are known for the
first seven elements from Sc and Co. Thus, there svarall increase

in stability of Vi (aq)with respect to oxidation as one moves across the
series. However, in the case of iron,z%q)is less stable than %E(aq)
because of the extra stability associated with hbdafetﬁ(d5) orbitals in

the case of F&" (aq)

The highest oxidation, states are often stabilised ilxige and fluoride
compounds, e.g., MnQ CrQ?, VO_*, VF5, etc., in these compounds,

Oz and F aredifficult to be oxidised by the central metal becauszn@
F are strong oxidising agents.
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Table 3.6: Reactivity of some oxidation statesof first transition series
elementsin aqueous solution

Reducing agents Most stablé e Oxidisitig agents ‘
- S‘:3+ -
i, i Ti** -
vy v v (slightly)
Ve ot ot C
- Mn2+ Mn"*. Mn’”. Mnh
Fe®* - Fe® -
” COZ* C o.h
- Ni?* -
cwt cu?t -

3.3 Formation of Complexes

By now you must be familiar with the word ‘complexe$ie Themistry
of the transition metals is dominated by their tendency tm fmmplex
lons. This is because the transition elements formllsighly charged
lons which have vacant orbitals of suitable energy to adoagt pairs
of electrons donated by species referred to as ligandsielnase of
transition metals in high oxidation states, highly charged ioas
strongly bind electrostatically a wide variety of negatvgolar ligands.
In the case of transition metals in low oxidation staites,electrons in
thed orbitals become involved i bonding with ligands.

Majority of the transition metal ion complexes contaix ligands
surrounding the central ion octahedrally. Some elememtsain four
ligands which are either arranged tetrahedrally or less dregtyuat the
corners of a square as square planar. Besides thesetgesmother
geometries like trigonal bipyramid, pentagonal bipyramid,, are also
present occasionally. The bonding between the ligandrenttansition
metal ion can either be predominantly electrostatic avalent or in
many cases intermediate between the two extremes. &otine typical

examples of transitiometal complexes are [Fe((:i}?)', [Ni(NH:-;)A.]2+
[CU(CNY%", [Cu(NHe)4)%™, etc.

- The availability of low-lying d-orbitals enable metal ions of ded to
accept lone pair electrons from ligands.

3.4 Coalour of Transition Metal Compounds

Compounds of transition elements are usually markedly coloured, in
contrast to compounds of s- and p- block elements which are mostty whit
or colourless unless the anion is coloured. As you know, substances
appear coloured when they absorb light of a particular wavelendtle in t
visible region of the spectrum and transmit light of other wangtles.

The colour which we see is the colour of the transmitted waylsnin
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other words, the colour of the compound observed by us is the
complementary colour of the colour absorbed by the compound.

You know that the transition metals as such or in the form of iores ha
partly filled d- orbitals which are degenerate, i.e., they are of equal energy.
However, on the approach of ligands to form complexes, thesebitals

do no longer remain degenerate, but instead split into sets of guital
different energies. By absorbing energy, electrons can movedrdm
orbital of lower energy to that of higher energy.

This transition of electron from orteorbital to another corresponds to a
fairly small energy difference; therefore, light is absorbethevisible
region of spectrum. For example, the aqua ion [FJd3*, which has

one electron in thed3orbital, absorbs light of wavelength in the yellow-
green region of spectrum and therefore, appears reddish \violet
colour. Table 3.7 gives the relationship between the colour and the
wavelength of light.

Table 3.7: Relationship between colour and wavelength

Wavelength absorbed in nm Colour absorbed Colour observed .

<400 UV region White/colourless

400-435 ' Violet Yellow-green

435480 - Indigo Yellow

480-490 Green-blue Orange

490--500 Blue-green Red

500560 Green Purple

560-580 Yellow-green Vielet

580-595 Yellow Indigo

595605 Orange Green-blue

605-750 Red Blue-green
>750 Infra-red White/colourless

Whenever thed-orbitals are completely filled or empty, there is no
possibility of electronic transitions within trgeorbitals. In such cases,

the ions will not show any colour. For example, the pouamds of S%J’,

Ti4*, cut and ¥+ are white or colourless. Table 3.8 gives the colour
and oxidation states of the metal ions present in somateghtions of
transition elements.

In thes- andp- block elements, there cannot be ahg transitions and
the energy needed to promater p electron to a higher level is much
greater and may correspond to ultraviolet region, in whase cthe
compound will not appear coloured to the eye.
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Table 3.8 Oxidation statesand observed colour sfor some aqua species

Element Ta2 ) +3 +6 +7

Sc Colourless
[Sc(H, 031>
Ti Violet
(TiHLO) 1>
v Vialet Green R
- [VH,0)** [V(H,O)"

Blue Violet/green Orange/yellow
[Cr(H;0)1>* (Cr(H,O0)1** Cr,0%", cro?

{Ma Pink Red Green Purp: >
[Mn(H, 01" IMn(FL,0) 1> MnOZ S MaGy,
Fe Pale green Yellow/brown
[Fe(H,0)612" [Fe(H,O) 1> -
Co T Pink Bilue A
: R [Co(H,0), 1" [Co(H, 01
Ni L Green a
(Ni(H,0)1*
Cu Blue
. T [Cu(H,00)%

Zn Colourless
: (Zn(H,0)g)>*

3.5 Magnetic Properties

When you place an iron piece near a magnet, you will s&eitt is

immediately drawn towards the magnet. However, some elsnsee
repelled by the magnets. The property of an element to tzctad or
repelled by a magnet differs from element to element.t&nbss which
are weakly repelled by a magnetic field are cadiethagnetic, while the

substances which are weakly attracted by the magnetic fieldoae

their magnetism when removed from the field are caledmagnetic.

If the force of attraction is very large and the permaneagnetisation is
retained, the substance is said toféseomagnetic, e.g., iron and some
iron compounds.

Electrons determine the magnetic properties of mattevanvays. From
the pre- wave mechanical view point, the electron mayfgarded as a
small sphere of negative charge spinning on its akmen from the
completely classical considerations, the spinning of éhargduces a
magnetic moment. Secondly, an electron travelling iclased path
(orbit) around a nucleus, again according to pre-wave mechanica
picture, will also produce a magnetic moment. The magpebperties
of any individual atom or ion will result from some combioatof these
two properties, that is, the inherent spin moment oktéetron and the
orbital moment resulting from the motion of the electavnund the
nucleus.

The magnetic moment is usually expressed in units cdfelr
magnetons (BM). The general equation for the magnetic momegivisn
by:

UsiL= /4S(S+ 1) + L(L + 1)
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In the above expressio8,is the sum of the spin quantum numbers and
L is the sum of orbital angular momentum quantum numogeedl the
electrons. In many compounds including those of the fogttransition
elements, the orbital contribution is quenched out by #erad fields of
the surrounding atoms and as an approximation, the obsewaguaetic
moment may be considered to arise only from unpaired sputingL
= 0 in the above expression, you can get the spin only magnetnent,

us.

Thus, g= /4S(S+ 1)

The spin only magnetic moment, yus can also be relatde toumber of
unpaired electrons, n, in any species, as the total spituaamberS
=n/2.

Hence, 4= \/4S(S+1) =./4n/2(n/2+1) =./n(n+2)

Above expression gives the value of magnetic momentBar
magnetons which can be converted into Sl unit of Ampere squetes

(Am2) by the following relationship:

1 BM = 9.274 x 10°%A m?

The magnetic moment is measured by weighing the sampléein t
presence and absence of magnetic field using a magn&ticbacalled
Gouy balance (Fig. 3.8)

Diamagnetic materials have no magnetic moment and she¥glat

decrease in weight on weighing in the presence of magratc On the
other hand, paramagnetic materials show an appareeasein weight.
The magnetic moment can be calculated from the changeight.

In some cases, (e.g., l@lﬁ or Fe3+, where all thel orbitals are occupied
singly by electrons for which mm = 2, 1, 0, -1 and -2, giving =
0), the observed magnetic moment values agree verywiblkhe spin
only value as given in Table 3.9. But generally, experinherghues
differ from the spin only values. This is because thaalrbiotion of the
electron also makes some contribution to the momente Metails on
the magnetic properties of the transition elements eastidied in
higher courses on the subject.
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St gl S
C ) (o> -

Loss iy weight INmncrease in weigiht
({diamagneaetic ? {paramagnrnetic )

Fig. 3.8: Measurement of molecular paramagnetism using a Gouy
balance

Table3.9: Predicted and observed magnetic moment values of some
transition metal hydrated ions

3.6 Catalytic Properties

Many transition metals and their compounds havalgi@t properties.
These metals can function as catalysts because#meytilise botl and
selectrons for the formation of bonds between redatmlecules and the
surface catalyst atoms. This increases the corat@ntr of the reactants
at the catalyst surface and weakens the bondsimedictant molecules
with the result that the activation energy is loger

Compounds of transition metals are able to actataslysts because of
the ease with which the metal can adopt differemtlaiion states and
also because of their ability to form complexesm8af the common
catalysts used for important reactions are:

a. FeS@® and HO2 as Fenton's reagent for the oxidation of
alcohols to aldehydes;

Pd for hydrogenation, e.g., phenol tdalyexanol;

Fe/Mo in manufacture of ammonia by Hglreicess;

Pt/PtO as Adians catalyst for reductions;

Pt/Rh in oxidation of N3ito NO in the manufacture of nitric acid;

©T 0T
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f. V205 in oxidation of SQ to SCB in the manufacture of sulphuric
acid by contact process;

g. TiCl as (Ziegler Natta Catalyst) for polymerisation of ete

h. Ni (Raney nickel) in reduction process.

Transition metals are important catalysts in biologisgktems. A
number of transition elements present in very small dgiesnin plants
and animals are essential for the enzymes to fundionexample, a
cobalt atom lies at the centre of the vitamin2Bcoenzyme. Iron atoms
are importantly involved in hemoglobin of blood and in thee@oxins
for photosynthetic process. Both molybdenum and iron amtaired in
nitrogen fixing enzymes.

3.7 Interstitial Compounds

Transition metals can trap some small atoms like hyadroberon,
carbon, nitrogen etc., in vacant spaces in their cryatidte forming
interstitial compounds. Carbon and nitrogen always occugbghedral
holes; hydrogen is smaller and always occupies tetrah&ditas. As
only transition metals form such compounds, theelectrons are,
therefore, presumably involved in the bonding. The streafithe metal
often changes during the formation of such compounds. The
composition of these compounds is generaliy- stoichiometric,
e.g. TiH1.73 PdH).56 VHQ.56 but may approach regular stoichiometry
and a regular structure, e.g., TiC and VN. The latersition elements
of the first series form non-stoichiometric carbideghwirregular
structures, such as ¥3, which are more reactive than the interstitial
carbides of the early transition elements. These titiatfscompounds
are of much importance, e.g., carbon steels are iniraton-carbon
compounds in which the interstitial carbon prevents the atoms from
sliding over one another, making iron harder, strongeniore brittle.

SELF-ASSESSMENT EXERCISE

I Outline four unique properties of transition metals.
i Calculate the magnetic moment of [C§(d)s] SO

iii. Explain why the observed magnetic moment in [C_tof()l)ﬂz+ IS

higher than the calculated value of 3.87 BM.
V. How does transition metal forms interstitial compounds? Gvee t
examples of such compounds?

4.0 CONCLUSIONS

Transition elements exhibit unique characteristics which include
formation of complexes, coloured, paramagnetic and interstitial
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compounds. In addition, they also act as catalyst in some chemical
reactions and exhibit multiple oxidation states.

50 SUMMARY

Let us now summarise what we have learnt in this Uihis unit dwells
on the unique properties of transition metals. We have learnt:

o Their properties such as colour, magnetic propertiesplexm
formation, catalytic properties and formation of intited
compounds.

. Thus, besides gaining the basic understanding of tramsnetals,
we have also learnt about their applications.

o We now understand why silver and gold are so extensively us

in jewellery, why transition metals are used as catslystc.
6.0 TUTOR-MARKED ASSIGNMENT

1 Which of Sé* or Ci#* is paramagnetic? State your reason. (Time:
10 mins)

7.0 REFERENCESFURTHER READING

Chemistry: Facts, Patterns and Principles, W.R. Kneen\W.Rogers
and P. Simpson, ELBS, London, 4th ed., 1984.

Principles of Inorganic Chemistry, B.R. Puri and L.R. Shar&epban
Lal Nagin Chand & Co., New Delhi, 19th ed., 1986.

Inorganic Chemistry, F.A. Cotton, G. Wilkinson and C.Arly 6"
edition John Wiley and Sons Inc. 1999.

Concise Inorganic Chemistry (Main and Advanced), Sudarsan Guha (ed)
J.D. Lee, Third Edition. Wiley India Pvt. Ltd., New Delhi, ladi
2016

Inorganic Chemistry, C. E. Housecroft and A.G Sharpé, edlition,
Prentice Hall, 2005

Textbook of Inorganic Chemistry. G.S. Sodhi, Viva Books Private
Limited, New Delhi, India. 2013

81



CHM 303 MODULE 2

UNIT 3 INNER-TRANSITIONELEMENTS
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 General Characteristics
3.1.1 Electron Configuration and Position in Periodic
Table
3.1.2 Atomic Radius
3.1.3 Oxidation States
3.1.4 Colour of lons
3.1.5 Electrode Potentials
3.1.6 Complexation Behaviour
3.1.7 Magnetic Properties
3.1.8 Chemical Properties
3.2  Occurrence, extraction and Uses
3.2.1 Occurrence
3.2.3 Uses of Inner Transition Elements
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

In the preceding unit, you studied the main features o€hleenistry of
the transition elements of tlikblock. You learnt that in addition to the
usual vertical relationship, the transition elements slaoworizontal
similarity in their physical and chemical propertiesthis unit you will
study the salient features of the chemistry of thesttian elements of
the f block. Because of filling of electrons in therbitals of an inner
shell, these elements are also termed as inner- toanslements. Thé
block elements comprise two series of elements — titbdaide series
and the actinide series.

You will observe that in comparison to the elements lalbck transition
series, the members of lanthanide series resemble pothea much
more closely. They have generally one common stable oxidstaie
and occur together in the same ores in nature. Becdulse similarity
in their chemical properties, their separation from onetleer is very
difficult. Therefore, special techniques of solventrastion and ion
exchange are employed for their separation.
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On the other hand, the chemistry of the actinides e quumplicated
and confusing because they exhibit more than one oxidst#ae and
their radioactivity creates problems in the study of thmibperties.
However, the actinides do exhibit some similarities vatie another
and with their lanthanide congeners in a particular oxadastate.
Therefore, these elements are discussed as a clage innit. In this
unit you will study the general features of the chemistrlanthanide
and actinide elements with emphasis on periodicity in grejperties.

20 OBJECTIVES

By the end of this unit, you should be able to:

o distinguish between transition and inner transition efésye

. define the terms lanthanides and actinides;

. compute the electron configurations of lanthanide andhidet
lons from the electronic configurations of free atoms;

o discuss the ways in which actinide elements resemble thei
lanthanide congeners;

. discuss the ways in which the actinides resemble morelyglose
d block transition elements;

. explain lanthanide and actinide contraction;

o describe general characteristics of lanthanide and actinide

elements and bring out periodicity in their properties.
3.0 MAINCONTENT

3.1 General Characteristics

You know that the fourteen elements from ceriidn 68) to lutetium

(Z = 71), which follow lanthanum (Z = 57) in the periodic &bhre
called lanthanides, lanthanoids or lanthanons. Note dbate authors
include lanthanum also in lanthanides, but there is norgeagreement
on it. These elements are characterised by succedbngdi 4f orbitals

in their atoms. These elements along with lanthanudany&mum were

originally called as rare earth elements or simply raréns.

The wordearth was used because they occur as oxides, which in early
usage meant earth, and the word rare was used bechtise great
difficulty in their separation from each other. Othesayithese are not
particularly rare in earth's crust. For example, lanithgancerium and
neodymium are more abundant than lead. Even the statésem,
thulium, is as abundant as bismuth and more abundantatisamic,
cadmium, mercury or selenium, none of which is genei&lysidered
rare.
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The fourteen elements from thorium (Z = 90) to lawremc{d = 103)
following actinium in the periodic table are known asrades, actinoids
or actinons. They are analogous to the lanthanides @undt feom the
filling of the 5f orbitals just as the lanthanides result from the gllof 4f
orbitals. Prior to 1940, only the naturally occurring actinides.,
thorium, protactinium and uranium were known. The remaiagtmides
have been produced artificially since then and are colidgtknown as
transuranium elements.

3.1.1 Electron Configuration and Position in Periodic Table

The outstanding feature of the lanthanide and actinide esitsnis the

great similarity in physical and chemical properties whizdytdisplay

within each series. The reason for this unique behaviahesé elements
lies in their electron configuration.

You know that lanthanum, the element preceding théhdenides in the

periodic table, has the electron configuration [deLEEZ. Like
lanthanum, the lanthanides also exhibit the stable oxmatate of +3.

It is, therefore, expected that in these elementsuleessive electrons
will be filled in the 4 orbitals, thereby the elements may have the

electron configuration from [Xe] tAsdl 652 to [Xe] 49%dl6s2. The
actual ground state electronic configurations of lanthagielments have
been determined by atomic spectroscopy and are given in Table 3.10.

You can see from the Table that there is an electréd orbital only in
Ce, Gd and Lu, in all other elements this electron igeshifo the #
orbital. This type of shuttling of electrons can be urded in terms of
the comparable energies of theahd 5d orbitals. Whether there is an
electron inbd orbital or not, is of little importance because théHanides
mostly form ionic compounds in +3 oxidation state and thetreleic

configuration of M3* ions vary in a regular manner from [Xéjjéfor Ce
3*1to [Xe]4f14 for Lu3+(TabIe 3.10).
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Table 3.10: Some Propertiesof Lanthanum and The Lanthanides

Z Name Symobol Electromic  Configuration Metallic Ionic radin: E* (V) Colour of Ln™'
outside the [Xel core radius M ¥ pin ¥ |
Ln Ln ()
57 Lanthammm La jd6s” - 187 106 -2.32 Colourless
58 Cerium Ce 44 5a B 45" 183 103 -2.48 Colourless
58 prazeodymium Pr 465" 45 182 101 2246  Green
60 Neodymium Nd 465" 47" 181 100 -243  Lilac
61 Promethium Pm AF a5t 454 - o8 -2.42 Yellow
62 Samarium Sm 476" a5 170 26 241 Yellow
63 Europimm Eu 4657 45° 204 95 -241  Pale pink
64 Gadolinimmn, Gd 4r'sd'es” 47 180 o4 2240 Colourless
65 Terbium b 455" a7 178 02 239  Pate pink
65 Drvsprosium T 41 st aF° 177 91 2235 Yellow
67 Helmimn Ho 4r'as” 4Ft” 176 8o -2.32  Yellow
68 Erbium Er 47265 ar 175 88 230 EBeuepink
69 Thulium Tm 465" 45 174 87 -22%8  Pale green
70 Vtterbium ih Tt At 194 86 227 Colourless
71 Lutetium Lu Arisgest  apt 174 85 226 Colourless

The ground state electron configuration of actinium, @Ei‘w]’sz IS
similar to that of lanthanum and indeed the two elemeogsess similar
chemical properties. The electron configurations of tleenents that
follow actinum are not known precisely; these are testain than those
of the lanthanide elements. The difference in energy deivé and 6d
orbitals in the beginning of the actinide series is thas that between
the 4 and5d orbitals for the lanthanides.

Therefore, both 5and @ orbitals are involved in accommodating
successive electrons. Thus, the filling éfdsbitals in actinides (Table
3.11) is not quite so regular as the filling of thé atbitals in the
case of the lanthanides. Later, however, theorbitals become more
stable, i.e., by the time plutonium and subsequent memb#rs séries
are reached, thd brbitals seem clearly to be of lower energy thartthe
orbitals, and so the electrons preferably fill the former
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Table 3.11: Some properties of actinium and the actinides

Hiing

L,

: Hubisde 8
. R .
H.. - :r:,\' . &
S Lomwdy U

sttt R g b Rt R PR e

é.1.2 Atomic Radius

You have studied in CHM 101 that the atomic sizerelases with

increase in atomic number along any period in thag I[form of the

periodic table due to increase in effective nuckdzarge. However, the
decrease in atomic radius is small when the diffegein electronic

configuration from one element to the next is thiaadn additional inner
electron. This is because the additional innertedacscreens the size-
determining outer electrons from the nucleus muetieb than an

additional outer electron. For example, decreasthencovalent radius
from Sc to Zn," i.e., across ten elements of3tiéransition series, is 19
pm. This decrease is almost one-third of the deerea the covalent
radius of the seven elementssaEndp blocks of the period 3.

The rate of decrease in atomic radius along thiéhdeode series (Table
3.10) and also long the actinide series (Table)3sl&ven less than that
in the transition series, since the difference ime telectronic

configurations of these elements is in the numibetextrons in the ante-
penultimate (last but two) shell of electrons. Blo¢ additive effect of

decrease in atomic radius across the fourteen atsnté lanthanide

series is quite substantial. This decrease in a&tawuius across the
lanthanide series is known as lanthanide contnactio

Similarly, there is an actinide contraction acrtiesactinide series. As a
result of lanthanide contraction, the normal inseean size from
Sc—Y —La disappears after the lanthanides, and pair¢eofents such
as Zr and Hf, Nb and Ta, Mo and W, etc., posseasiynsimilar sizes
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(Table 3.12). The properties of these elements, theredre very similar.
The similarities in properties within these pairs make geparation very
difficult. Thus, due to lanthanide contraction, the elsimef5d and4d
transition series resemble each other much more clobaly do the
elements ofild and3d series.

Table 3.12: Atomic (covalent) radii (pm) of the elements
preceding and following the

lanthanides
[21 2 23 2% 25 % 2 28 29 0
| Sc Ti \% Cr Mn Fe Co Ni Cu In
144 Rz 18 H7 .17 e 1S 17 125
19 a0 4 42 4 448 46 47 48
Y Zr No Mo  Tc Ru. Rh Pd Az Cd
162 145 134 130 127 125 125 128 134 144
57 871 17 73 74 75 % 77 18 19 80
La Ce-Lu | Hf Ta W Re Os. . Ir Pt Au "Hg
169 | 165156 144 134 . 130 128 126 127 130 134 147

3.1.3 Oxidation States

The sum of the first three ionisation energies of Huathanides is
comparatively low, so the elements are highly electrntipes They

readily form VBT for the lanthanides, actinium and trans-americium
(Cm to Lr) elements the tripositive oxidation statéhis most stable in
every case. It is believed that in forming triposiiamsthanide or actinide

lons, thens? (n = 6 or 7) electrons are lost along with the (d-]i)

electron. In the absence of (na&)electron one of the electrons present
in the (n- 2) f orbitals is lost.

Besides the +3 state, some of the lanthanides anddestishow other
oxidation states also. In these cases, there is sadenee that ions with

0 (e.g., L&t cé*, A3t THH, P2t USH 7 (e.g., EQT, G,
Tb4+, Cr‘r13+, Bk4*), andfl4 (e.q., Y@J’, Lu3*) configurations exhibit
greater stability. However, pF (4f1), Nd*+t (4f2), (Sn?+(4f6), et

(413), etc. with nont®, non-f2 and nont:4 electron configurations also
exist. This reminds us that there may be other factorssalsio as
lonisation energies and sublimation energies of the seiadl lattice
energies, etc., which are responsible for the stabifithh@se oxidation
states.

The known oxidation states of actinium and the actinidesgaren in
Table3.13 in which numbers in bold indicate the most stablgat@n
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state in aqueous solution. You can see from the Tablendlaaly all the
actinides exhibit at least two stable oxidation states arghban states
higher than +3 are easily accessible in the early actintaeshorium,

protactinium and uranium the highest accessible oxidatioa &ahe
most stable one also in aqueous solution. This may be lgeBaosbitals

extend further from the nucleus than theorbitals and b electrons
are more effectively shielded from the nuclear charge tre the #
electrons of the corresponding lanthanides.

Because thefzlectrons are less firmly held, they are all availdble
bonding in the early actinides. However, as the latmides are
approached, the build-up of nuclear charge causes-conitraut the $
orbitals so that the metal-ligands overlap decreaséslan+3 state
becomes predominant. Interestingly, the +2 state wikiegthievable in
case of mendelevium and nobelium, is more stable th&n Eu

Table 313: Oxidation states of actinium and the actinides. The more
stable

states are in bold type; unstable states are enclosed in
parentheses

Ac " Th Pa U Np Pu Am Cm Bk Cf - Es ~Fm Md No Lr
‘ (b)) @ @ 2 2 2 -
3 3.3 3 3 3 3 3 3
4 4 4 @ '
5
6

3 3 3
4 4 .
5

o v B w
T

7

SR T S S
;

3.1.4 Colour of lons

lons of lanthanides and actinides are coloured in thd stdte as well
as in aqueous solution, as is the case with the iomsmdition metals.
You have studied in the preceding unit that the coloursn$iion metal
lons arise because of absorption of light dud-tbelectronic transitions.
Because there are no electrons inddmbitals, the colours of lanthanide
and actinide ions arise due to electronic transitionshen 4 and 5
orbitals. Colours of hydrated lanthanide and actinide ioasgamen in
Table 4.1 and 4.2 respectively.

3.1.5 Electrode Potentials

The standard electrode potentials of lanthanides fondatereaction,

Ln3* (aqg) + 3e L) (
are_given in Table 4.1. The electrode potentials are very. low
Therefore, these elements are highly electropositideraactive metals.
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The electrode potential increases from Ce to Lu, whicbrsistent with
the slight decrease in the ionic radius due to lanthanidgaotion. The
electrode potentials of the actinide elements also ate tpw (Table
4.2). Therefore, the actinides also are highly electropesaind reactive
metals.

3.1.6  Complexation Behaviour

lons of lanthanide and actinide elements have a stesmgnhcy to form
complexes with a variety of oxygen and nitrogen donor tigan
Probably, because of their comparatively higher chargeeoratio, the
actinide ions have a greater tendency to form complexas the
lanthanides. Also, due to the existence of a large numbexidation
states, the complexation behaviour of actinides is nwamged. The
lanthanide and actinide ions form the most stable complewith
chelating ligands such as oxalic acid, citric acid, t&rtacid, nitric
acid, ethylenediamine tetraacetic acid (EDTA) @rdiketones. In these
complexes, the metal ions have very high coordination nuaniber
example, the coordination number of the metal ion in [Tdgag,

[Ce(NO3)4(OPPIB)2] and[Ce(NQ)s]%" is 8, 10, 12, respectively.

In these complexes, the acetyl acetonate (paad the nitrate ligands
are acting as bidentate ligands occupying two coordinaites around
the metal ion. These metal ions form water solubfepiexes with citric
acid, tartaric acid and EDTA. The formation of wateubtd
complexes with these ligands facilitates separationefthtal ions by
ilon exchange chromatography which you will study in the nesticse

3.1.7 M agnetic Properties

You have learnt in the preceding unit that paramagnatissssociated
with the presence of unpaired electrons in a substare lahthanide

and actinide ions, other thdh (e.g., La°’+, cét A03+, Th4+, Pa§+,

U5 and 14 configurations (e.g., Y&, LT, Lr3h) are all

paramagnetic. This is because each of the devdditals characterising
inner-transition metal species (lanthanide and actinide)t oargain a
single electron before any pairing can take place (Hunig’® ru

You have also studied that in case of transition elemethis,
contribution of orbital motion of electrons to paramagmtiis
negligible and can be ignored. The magnetic moments avfsition
metal ions can be explained in terms of unpaired elecpesent in
d-orbitals. But the magnetic moments of only those lamtl&a ions,
i/ andfl4

which havef?, configuration agree with the spin only value.
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In all other cases, the magnetic moment values are hipaer those
calculated on the basis of spin only formula. Howeveesé¢ can be
explained by taking orbital contribution to magnetic momdsb anto
account. In lanthanide ions, thd drbitals are comparatively better
shielded from the surroundings by the overlyisgand5p orbitals than
the d orbitals in transition metal ions. Therefore, the dbation of
orbital motion to paramagnetism is not quenched.

Although actinides show a variation in magnetic propertiagas to that

of the lanthanides, the magnetic properties of the detilmins are more
complicated than those of the lanthanide ions. This ingyaes from (i)

the fact that the felectrons are nearer the surface of the atom and are
easily influenced by the chemical environment, althoughamtie same
extent as do thd electrons, and (ii) the less sharply defined distinstion
between $and6d electrons as compared withand5d electrons. From

the above discussion it is clear that the magnetic emy$rof thd-block
(inner transition) metal ions must be calculated takmg account both
spin and orbital contributions.

3.1.8 Chemical Properties

The lanthanides are silvery-white, highly electropositind eeactive
metals. They all react slowly with cold water and rapiifyheating to
liberate hydrogen:

—2M-+6H20 2M(0O1)+ 3H2

The hydroxides are ionic and basic. They are less baaic Gla(OH)
but more basic than amphoteric Al((31)The base strength decreases

from Ce(OHB to Lu(OH)3 as the ionic radius decreases fron?Ceo
3+.
Lu

The lanthanide metals dissolve in dilute acids, evelnarcold, to liberate
hydrogen gas:
2Ln+6HCI 2L 3H:

The metals tarnish readily in air forming an oxide ca@pt@n heating in
oxygen, they burn easily to give A@3, except for cerium which forms

Ce. The oxides are ionic and basic, the base strengtkakss as the
lonic radius decreases.

An+3p— » 2Ln203
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When heated in halogens, the lanthanides bum producing, lwbich

can also be made by heating the oxides with the appropnat®aium
halide:

2Ln + 3X2 > 2LnX3

Ln203 + 6NH4X »  2Lrg+ 6NH3 + 3H20

Cerium with fluorine forms Cef

Ce + 2B — Cgh

The metals react exothermically with hydrogen, thoughitgabd 600-
700 K is often required to initiate the reactions. Their lugfiare non-
stoichiometric compounds having ideal formulae, Mkhd MH3. The
hydrides are remarkably stable to heat up to 1200 K. The hydades
with water liberating hydrogen gas:

MH3 + 3H20 > M(OB)+ 3H2

On heating, the lanthanides react with boron giving boriddbe type
MB4 and MBg, with carbon giving carbides M3 and MC and with
nitrogen giving nitrides MN. A wide variety of their oxlts, like
carbonates, sulphates, nitrates, phosphates, oxatategre known.

All the actinides are unstable with respect to radioadtisetegration,
though the half-lives of the most abundant isotopeshofium and
uranium are so long that for many purposes their radiogctan be
neglected. Like lanthanides, actinides

are also electropositive and reactive metals. Thegt reath water,
oxygen, hydrogen, halogens and acids. Their hydrides are no
stoichiometric having ideal formulae MHand MH3. The metals also

react with most non-metals especially if heated.

3.2 Occurrence, extraction and Uses

All the lanthanide and actinide elements are highly reaatnetals,

therefore, none of them occurs freely in nature, but inbooaad form.

Moreover, all the actinide elements are radioacseemost of them do
not occur naturally and have been prepared artificially si9d@. Let us
now discuss the occurrence, extraction and uses of elesents.
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3.21 Occurrence

Apart from promethium which is unstable and is found in Baice
uraniun, ores, all the lanthanides generally occur tege#dthough a
large number of minerals are known to contain lanthanatdg,three of
them, viz., monazite, bastnaesite and xenotime arecoofimercial
importance. Monazite and xenotime are a mixture afsphates of
thorium, lanthanum and lanthanides. Monazite is widely dparsely
distributed in many rocks, but because of its high density anohéss,
it is concentrated by weathering into sands on beaclieswen beds.

Deposits of monazite occur in Southern India, South Afaicd Brazil.
Bastnaesite is a mixture of fluoride carbonates, LngGf lanthanum
and the lanthanides. Both monazite and bastnaesite drer rin the
lighter lanthanides, i.e., the cerium earths, but whigh difference that
monazite also contains up to 30% ThQvhich is absent in bastnaesite.
On the other hand, xenotime is a valuable source of theeheaave
earths.

Every known isotope of the actinide elements is radieacnd their

half-lives are such that on%/32 Th, 235 U, 238 and possibl)z44 Pu
have survived during the very period of their existence. @wlsium and
uranium are found in nature in amounts sufficient for jralkcéxtraction.

Thorium constitutes 8.1 x 1% of the earth's crust and it is almost as
abundant as boron. As described earlier, monazite isnt® important

source of thorium. Uranium comprises 2.3 <% the earth's crust and
it is slightly more abundant than tin. Pitchblende @anumite, L8O8, and

carnotite, R(UO2)2(V0O4). .3H20, are two important ores of uranium.

Extraction

As all the lanthanides occur together in nature, thénaetion involves
two main steps: (i) separation from one another ande@iiction of their
compounds to metals. Since the lanthanides are all typiggalent and
are almost identical in size, their chemical properiesalmost similar.
Therefore, the separation of lanthanides from one anasha very
difficult task, almost as difficult as the separatiof isotopes. Only
cerium and europium can be separated from the remalamiganides
by employing conventional chemical methods becauseabilises of

cé*t and ESY in agueous solution. Cerium can be separated from a

mixture of lanthanides by oxidising é&to cé* with permanganate or
bromate or hypochlorite in an alkaline medium and subselguent

precipitating it as Cef Europium can be reduced to Fueither by
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electrolytic reduction with a mercury cathode or by using aimalgam.
It is then precipitated from the solution as E4SO

Earlier the lanthanides used to be separated fromatheh byselective
precipitation or by fractional crystallisation. With a limited amount of a
precipitating agent, the substance which is least soishbeecipitated
first. For example, if a base is added to a solutiolamthanide nitrates,
the least soluble Lu(OR)is precipitated first and the most soluble
La(OH)3 last. As only a partial separation is effected, the pitatgis
redissolved and the process is repeated several times.

The solubility of double salts of Ilanthanides such as
2L.n(NO3)3.3Mg(NGs)2.24H20 and Lna(SO,);.NaSO,.xH,O increases
from La to Lu. Therefore, the lanthanides could be sepdr from
each other byjractional crystallisation of these salts. As these processes
need to be repeated several times, these are veryseainm not very
efficient. However, the individual elements can now bpasated with
much less difficulty on a large scale by employing moifeient
techniques ofsolvent extraction andion exchange chromatography.

The distribution coefficients of the salts of lantharedements between
water and organic solvents are slightly different. Tiess the
individual elements are selectively extracted from aqusolgions of
their salts into an organic solvent. This technique of s¢jparis known
as solvent extraction. Tributyl phosphate is a verydgsolvent for this
process. The solubility of lanthanides in +3 oxidation stat&ibutyl
phosphate increases with atomic number. Separation fsrped by
using a continuousounter-current process in which the aqueous solution
of lanthanide nitrates and the solvent are passed througbiuann
continuously in opposite directions. This process is mush fedious
than performing several crystallisations.

The process abn exchange chromatography is the most important, rapid
and effective method for the separation and purificatidhefanthanons.
In this process, a solution of lanthanide ions is run downlenm of a
synthetic ion exchange resin. lon exchange resinsrganic polymers
consisting of functional groups such as -COOH,380r -OH. In these

resins, hydrogen ions are mobile and can be exchanged wetications.
Thus, the lanthanide ions replace thé ibhs and get bound to the resin:
Ln3* + 3R - SGH > Ln(R)3 + 3H

After the H™ ions have passed through the column, a solution of a
complexing agent such as citric aaidhydroxyisobutyric acid or EDTA
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at the appropriate pH is passed through the column to ekiteto wash
off the metal ions in a selective manner:
Ln(O3SR)3 + (NH4)3EDTAH Ln(EDTAH) + 3N4D3SR

As the EDTA solution flows down the column, the lanthamutes come
off the resin and form a complex with EDTA and then gokbarc the
resin a little lower down the column. This process isaggemany times
as the metal ions gradually travel down the column. Thaaller

lanthanide ions like L& form stronger complexes with EDTA than
the larger ions like Ey

Thus, the smaller and heavier ions spend more timelunien and less
time on the column. Therefore, the heavier ions atgeel from the
column first and the lighter ones the last. Usingadlg conditions, all
the individual elements can be separated. The eluateberereated
with an oxalate solution to precipitate lanthanides asate@which are
then ignited to get the oxides:

2LN(EDTAH) +3{Nti1)2C204 Lp(C204)3 +
2(NH4)3EDTAH

—t(C204)3*> Ln203 + 3CO + CQ

Samarium, europium and ytterbium are prepared by reducfidheo
oxides with La at high temperatures:

2LnOs+2la » p®3 + 2Ln, Ln = Sm and Eu

Other lanthanides are obtained by the reaction of 2rm€ILnF3 with
Ca metal at

1300K. LnCB or LnF3 are prepared by heating 203 with appropriate
ammonium halide:

Ln203+6NHAX—> 2 LaX 6NH3 + 3H20
2 +3Ca—> 2Ln + 3QaX

You know that actinium and all the actinides are radivacOf these
only thorium and uranium are extracted from ores, all retrere
prepared artificially by nuclear reactions. The chief offeth@rium and
uranium are monazite and pitchblende, respectively. Faaatikin of
thorium, monazite is dissolved in concentrated sulphaoid. By
suitably adjusting the pH of this solution, a precipitateThO? is
obtained.
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The impure ThQ is purified by dissolving it in hydrochloric acicha
then extracting ThQ@lby trihutylphosphate. From this solution Th@
reprecipitated by adjusting the pH. Purified Th@ converted into
anhydrous ThE or ThCh by the action of HF or C@lat 900K.
Thorium metal is then prepared by reduction of 4ot ThCl with

calcium:
ThX4 + 2Ca

v

Th + 2CaX

Uranium is chiefly extracted from pitchblende oaninite, containing
mainly U:Os. The concentrated ore is washed and then fusédsadtium

carbonate and sodium nitrate. The fused massasettenith sulphuric
acid, which extracts uranyl sulphate, REIv. Addition of sodium

carbonate solution in excess to the above soluaomves all the heavy
metals as carbonates. Uranium goes in solution caBus uranyl

carbonate NgUO2)(CO3)3].

Addition of dilute HSO4 to the Uranyl carbonate solution precipitates
uranium as sodium diuranate, N#pO7, which on treatment with
concentrated solution of (NHi2CO3 passes into solution as ammonium
uranyl carbonate, (N#4[UO2(CO3)3]. Concentration of this solution
gives pure 308. Reduction of 30Oswith aluminium powder produces
uranium metal. All these steps involved in exti@ctof uranium from
pitchblende are summarized in Figure 3.9.

Pshviende (50g}
i 3 Pawdon with MO0 md 250
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Tigeitiam Alpewlm
Beotios (REMNGEDY] — Ty —F U
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Fig. 3.9: Extraction of uranium from pitchblende
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3.2.3 Usesof Inner Transition Elements

Lanthanides and many of their complexes have received wide industrial
applications. For example, europium derivatives are used as phosphors i
TV screen; samarium-cobalt alloys are used for making madre@s

and NdOs are used for making welder's goggles, yttrium-aluminium
garnets (YAG) are used both in electronic equipment and as synthetic
gems. Various mixed oxides are used as catalysts in cracking of
petroleum. Cerium in the +4 oxidation state is used as an oxidigey

in quantitative analysis. Thorium nitrate has been used for moreathan
century in gas mantles. Till 1940, the only industrial application of
uranium was as a colouring material in the manufacture of yeliass.g

At present, the principal use of thorium and uranium is as a ndatdar

SELF-ASSESSMENT EXERCISE

I What are lanthanides and actinides? Why are they so 2alled

. Write the electron configurations of the elementsabdmic
numbers 61 and 95

Iii. Why is the separation of the lanthanides so difficult?

\Y2 List three important methods that can be used for the separation of
lanthanide metals.

V. Outline some similarities between lanthanides and actinides.

Vi. Give two examples of double salts that can be formed by
lanthanides.

vii.  One of the following can be used to precipitate lanthanide element

from an aqueous solution containing mixture of lanthanides. (A)
NaCl (B) NaOH (C) KCI (D) CagGl
viii.  Outline four uses of lanthanide elements or compounds.

4.0 CONCLUSION

These are the elements in which the differentiating electramnsefri-2)
orbitals. Hence, they are knownfaslock elements. There are two series
of f-block elements which are lanthanides or lanthanoitisgdes) and
actinides or actinoids f5series). Both lanthanides and actinides are
electropositive and have strong reducing characteristics.48oits have
stable oxidation state of +3 and are coloured dukftvansition. The
series also show a gradual decrease in ionic radii.

All the lanthanides occur together in nature, their separation droen
another is usually a very difficult task. This is because theyyaically
trivalent and are identical in size and chemical propertiesexaghange
chromatography is the most important, efficient and rapid methdatdor
separation and purification of these elements.
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Most of the actinides although highly reactive are radioactivedanbt
occur naturally.

50 SUMMARY

In this unit, you have studied electron structures, oxidatiates

magnetic properties, electrode potentials, chemical piieper
occurrence, extraction and uses of lanthanides and actimides can be
summarised as following:

. 1.The lanthanide and actinide elements are characterisébhigy f
of 4f and 3 subshells, respectively.
. For the lanthanides, actinium and transamericium elendine

tripositive oxidation state is the most stable in evergeca
However, the oxidation states higher than +3 are quite corfonon
the early actinide elements.

o The lanthanides exhibit greater similarities in theirpgmies in
their most prominent oxidation state, +3. Cerium and europi

are the only lanthanides that are stable a&tcand EST in
aqueous solution.

o All the lanthanide and actinide ions which have unpaired
electrons are paramagnetic. Paramagnetism of lanthamde
actinide ions depends on both spin and angular momentura of th
unpaired electrons.

o All the lanthanides and actinides are highly electropostive
reactive metals. They react with oxygen, halogens, o
water and acids. Their hydrides are non-stoichiometric

compounds.

o Cerium is the most abundant of all the lanthanides.misn
ores are monazite and bastnaesite.

o Since the lanthanides are all typically trivalent ame almost

identical in size, their chemical properties are alnsosilar. As
all the lanthanides occur together in nature, their s@parss
extremely difficult. Separation of lanthanides is e#gcby using
the technigues of solvent extraction and ion-exchange
chromatography. The metals are prepared by reduction of their
oxides, chlorides or fluorides with La or Ca.

o Thorium and wuranium are extracted from monazite and
pitchblende, respectively. All other actinides are noeppred
artificially by nuclear reactions.

97



CHM 303 MODULE 2

6.0 TUTOR-MARKED ASSIGNMENT

1. Compare the ability of lanthanides and actinides to form
complexes. (Time: 6 mins)
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BONDING THEORIES AND
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Unit 1 Introduction to Coordination Chemistry

Unit 2 Bonding Theories and Radioactivity

UNIT 1 INTRODUCTION TO COORDINATION
CHEMISTRY
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1.0 INTRODUCTION

In module 2 unit 2 of this course, you were introduced to complex

formation, as one of the properties exhibited @yblock transition
elements. In this unit, we shall be dealing with this ctdsompound,
usually referred to as complexes. In view of a special noddending
called coordination being involved in their formation, thee also
termed as coordination compounds. They are name in a systerag
different from simple inorganic compounds, this will beati with in
another course CHM 423.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. define the term coordination compound and coordination number;
. state the postulates of Werner theory and valence bond theory of

coordination compounds.
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3.0 MAIN CONTENT

A coordination compound is a compound of either neutral complex o
complex ion and other ion. A complex could be an ion or a compound
consisting of a central metal ion or atom surrounded by andetlat
bonded to other ions or molecules called ligands. A ligand is @espe
which can either be an ion or a molecule containing at mastatom
having a lone pair of electrons which can be donated to theateation

or atom to form dative or coordinate covalent bond. Hence, in
coordination compounds, the central atom acts as Lewds and since
ligands are electron pair donors, they function as Lewisshas

The coordination compounds are; therefore, Lewis adductsbrBmeh

of chemistry under which properties of such compounds tackes is
called Coordination Chemistry. There is no sharp dividimg between
the coordinate covalent and ionic compounds. The only igedign of
classifying a compound as a coordination compound is that it
behaviour can be predicted conveniently by considering amati

central species " surrounded by ligandsil. L2, etc. (the ligands may
be same or different). The total charge on the resultomplex, is

determined by the algebraic summation of the chargeseocetftral ion

and the ligands attached to it.

The basic features of the coordination compounds weredateci by the
Danish Chemist S. M. Jorgensen (1887-1914) and the Swiss @hemis
Alfred Werner (1866-1919). They synthesised thousands of caiatn
compounds to find out the manner in which the metal saltstlznd
ligands united to form coordination compounds. As Werner ads to

give theory for these compounds which explained and cormledaage
number of observations, these compounds, are called\Mimer’'s
Complexes.

3.1 Classification of Ligands

In a coordination compound as noted earlier, the ligands sathe
L ewis bases, whereas the central metal ion actslasvas acid. The
ligands that coordinate with the metal ion may be diasisas follows:

o Monodentate ligands: These are ligands that donate only one lone
pair to a metal atom or metal ion in a coordination compoaigd,
halide ions, ammonia, water and R

o Bidentate ligands: These are ligands having two donor atasns.

a result of the coordinate bond formation, a bideniaand
results in the formation of a ring structure by incogbmg the
metal ions called the chelate ring. The bidentate liganthy be
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neutral compounds (diamines, diphosphine, disulphides) or anions
like oxalate, carboxylate, nitrate, or glycinate ions.

. Polydentate ligands — These include ligands having mae th
two donor atoms in their molecules, and can be calledtth
tetra, penta or hexadentates depending upon the numbee of t
donor atoms present.

It is not necessary that a polydentate ligand shouldyswse all its
donor atoms for coordination purposes. Thus, sulphide ataiwn may
act as a mono or a bidentate ligand depending on the ewraspl

concerned. Though Otbr NH2™ act as a monodentate ligand, they can

also function as bidentate ligands by serving as bridggamdls between
two metal ions.

On the basis of the nature of the coordinates bond thrradigand
can be classified as:

. Ligands having no available

o electrons and no vacant orbitals so that they can cooechmdy
through the bond, e.g."HNH;, SO2- or RNH.

o Ligands with two or three lone pair of electrons which mdi sp

into one pair of lower energy and form a sigma bond, and
others may become higher energy bonding electron pairs, e.g

N3~ 02" F, CI, Br, I', OH-, €, NHZ", H2O, RS, RQ, NH',

etc.

o Ligands having a sigma-bonding pair of electrons andelogrgy
empty - antibonding orbital,

. that can accept suitably orientet orbital electrons from the

metals (back bonding), e.g. CO3IR R3As, Br, I, CN, pyridine
(py), acetylacetonato ion (acpetc.

o Ligands without unshared lone pair, but havingbonding
electrons e.g., alkenes, alkynes, benzene, cyclopeyitadion.

J Ligands that can form two sigma bonds with two separatalmet
atoms andrherefore, can form bridges e.g. O&, NHz, O2, CO,
O etc.

Many polydentates can have their donor atoms same oregitf@and,
therefore, cannot be classified as belonging to any dlibee classes.

On the basis of formation of complexes with differeioings, Pearson in
1967 has classified the ligands as well the metals @atd &cid, that is,
metal ions with almost empty or completely filled d subiktinat cannot
be used for the formation of bond such as Group IA, 1A, Al, Ga, In,
Sn, Pb, etc. and soft bases, which are metals andd8géat form
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stronger complexes with this class of metals. Thesalnmans have
nearly filledd orbitals electrons that can form bonds with the ligands
and can accep orbital electrons in theid orbitals eg. Cu(l), Hg(ll),
Pd(Il), Pt(ll), PR, etc.

The coordination number is the number of covalent bondsctratoe
formed between ligands attached directly to the centrélnen in a
coordination compound. It can also be referred to as the numatamsé
in a ligand that are coordinated directly to the central atontomalex
or complex ion. About 98% of the complexes belong to thednoation
number 4 or 6, even though the coordination numbers froml2 w@re
observed in the complexes. The coordination number of ¥ amd rare
and 5 is uncommon, present mostly for stereo-chemiciglid ligand
complexes.

3.2 Bonding Theories in Coordination Compounds |
3.2.1 Werner's Coordination Theory

Werner’s coordination theory is basically very simpleah be expressed
in the form of the following postulations:

. Two types of valencies exist for a coordination compound or a
complex ion, and they are called

. primary (or ionisable) valency and secondary (or non-ioniyable
valency.

o The number of the secondary valences for a complex ibxerd

e.g. six for C¥, Co**, T1*,

. Fe*, four for PR+, P&t*, Cl*, Ni2* and two for CU, Ag™, Au™
and Hg".

. The secondary valencies must be satisfied by anions utrahe
molecules (e.g. halide, cyanide, ammonia, amine, weati@j), and
positive ion, in rare cases (e.g. hydrazinium ion) having at lea
one lone pair of electrons in each case.

. The primary valencies are satisfied by the anions ifctdraplex
formed is cationic or vice versa.
o The secondary valences are fixed in space and possegsaite def

geometric arrangement even in solution. Thus for fooorsgary
valencies of nickel are tetrahedral, ofCuare planar, and the six

secondary valences of ebor crt are octahedral, for example,
the Werner's formula, for complex C&B6NH3 or

[Co(NH3)6]3 3.
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3.2.2 Valence Bond Theory

The theory is based on the idea that the formatiowiptexes involves
the donor-acceptor reaction. The most important patssil for the
theory are that a pair of the electrons from the datmms are donated
to empty orbital of the metal ion. In order to receivedbeated electron,
the atomic orbitals on the metal must be hybridised te givset of
equivalent orbitals with the necessary symmetry requirkd.following
assumptions are made in the theory:

o The metal ion must make available a number of orbitgisalto
its coordination number, for accommodating the electmams the
ligands. The metal ion uses hybrid orbitals involvgigp andd
orbitals for accepting the electrons from the ligamthich also
must have the electron pairs in hybrid orbitals, so that a
maximum and fruitful overlap of orbitals is possible hwihe
strongly directional metal hybrid orbitals.

o bonding formation by the electron donation fillég, dyz and dzx,
orbitals of the metal, was incorporated to reduce theraglated
negative charge on metal ions by back donation of electoathe

ligands through

. bonding.

o Hund’s rule applies to the electrons in the non-bondedadshi
presence of unpaired electrons in the complexes giving
paramagnetism.

SELF-ASSESSMENT EXERCISE

I What do you understand by the tecomplex in transition metal
chemistry?
. Explain the terms: Ligand and metal chelate
Iii. What is a chelating ligand? Give an example.
Iv. Give 3 examples each of the following:
a) anionic complexes
b) neutral complexes
Cc) cationic complexes

4.0 CONCLUSION

Coordination compounds are addition compounds formed when
stoichiometric quantities of two or more species join togethes.species

that are linked to central metal atoms or ions are calijgahdis. Various
bonding theories were advanced to explain some of the properties of the
coordination compounds. These include valence bond theory, crystal
field, ligand field theory and molecular orbital theory. None of these
theories can individually explain all the properties of complexes. édanc
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combination of these theories are used due to the covalent and ionic
characteristics of these compounds.

The need to provide explanation to some of the properties of coordination
compounds led to postulation of bonding theories

5.0 SUMMARY

In this unit, you have been introduced to the theories ofdwoation
compounds and bonding. The main aspects are

o Classification of ligands
. the postulates of valence bond and Werner's theory of
coordination compound

6.0 TUTOR-MARKED ASSIGNMENT

1. What are ligands?

2. Give four examples of ligands commonly encountered in
transition metal chemistry. (Time: 3mins)
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1.0 INTRODUCTION

In the last unit (module 4 unit 1) you were introduced tmdhing
theories in complex various complex formation. In tnst, we shall

be dealing with other coordination theories. You would also be introduced
to the phenomenon called radioactivity. This was discoverednbyide
Henri Becquerel when he observed that photograpties plieveloped when
exposed to uranium minerals and the name radioactwayg invented
sometimes later by Marie Curie.

2.0 OBJECTIVES

By the end of the unit, you should be able to:

. define bonding in coordination compound; crystal field and
molecular orbital theories;

. identify the differences between valence bond and molecular
orbital theories of fieldtheories;

. state characteristics of radioactivity;

. identify various types of radiations.
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3.0 MAIN CONTENT

3.1 Ligand and Crystal Field Theories

Linus Pauling considered the formation of a complexaasesult of
coordinate bond formation between the metal ion (Lewid)aand the
ligand (Lewis base). The metal ion accommodates thetrete pairs
(from hybridised ligand orbitals) in suitably hybridised tals. The
hybridisation of orbitals on the metal decides the geacratrangement
of the complex.

3.1.1 Molecular Orbital Theory

It assumes that electrons move in molecular orbi®<.) which
extends over all the nuclei on the system. Mathealgtithe molecular
orbitals are constituted by a linear combination of atoombitals
(L.C.A.O.). Thus, if two atomic orbitals overlap, theyrh a molecular
orbital which holds a maximum of two electrons and thesteon are
under the influence of the two nuclear.

Molecular orbitals have the following characteristics

. Molecular orbitals like atomic orbitals have definiteergy.

. Nomenclatures likes, p, d, etc. used for atomic orbitals are
replaced by sigma, pie and delta.

o Paulis principle applies to molecular orbital, so thatsmgle
molecular orbital contains two precisely with same fguantum
number.

o In filling molecular orbitals Afbau principle is applied.

3.1.2 Differences Between the Valence Bond and Molecular
Orbital Theories

o The atoms in the valence bond theory, unlike in the molecular
orbital still retain their individual

. identity even when they are chemically bonded.

. Valence bond theory introduces the concept of resonanchidut t
Is not significant in the molecular orbital theory.

. According to valence bond theory, an electron moves under the

influence of only one nucleus of an atom but this is contrary to
molecular orbital

o theory, where an electron moves under the influence of the
combining atoms.
o he valence bond theory could not explain the paramagnetic

behavior of B and Q. This limitation is absent molecular orbital
theory approach.
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Unlike in the molecular theory where spin pairing arisem the
application of Pauli exclusion principle, in valencenthaheory,
spin pairing is a necessary condition for energy minimuoh a
hence for bonding.

3.1.3 Crystal Field Theory

The crystal field theory (CFT) developed by Bethe (1929) andBlack
(1935) considers the electrostatic interactions of idents (taken as
charges) with the orbitals of the metal ions.

In an isolated gaseous metal ion, the fiekorbital are degenerate, as

dxz, dyz, dxy, dx2- y2 anddz2. The electronic configuration of the metal
ilons, and hence the magnetic properties of the comptaxesasily be
understood from the d orbital splitting in the ligand fieldlse electronic
configuration of the ion will be given the following congiagons:

The electrons occupy the orbitals of lowest energy ingtbend
state.

Due to reduced interelectronic repulsions in different dehiia a
degenerate level, Hund’s rule is obeyed.

The quantum mechanical exchange energy for parallel spins
higher than that for the opposite spin.

If pairing of electrons take place, the energy of trstesy will be
raised by P, the pairing energy for the system.

Successes of Crystal Field Theory
The theory has been able to explain the following:

Spectra of coordination compounds.

The magnetic properties of such compound.

Thermodynamic properties of metal ion such as lattioergy,
lonic radii.

The kinetics and mechanisms of coordination compounds
reaction.

The geometry of the complexes.

Limitation of Crystal Field Theory
The crystal field theory suffers the following setbacks

inability to classify ligands in to strong and weak field;
Nephelauxetic effect;

anti-ferromagnetic coupling;

intensity of d-d transitions;

electron spin transition spectroscopy, etc.
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3.2 Radioactivity

Radioactivity is the property by which some compounds enuliatian
which could penetrate objects opaque to light. From scientifi
investigations, it is now known that there are elesyeaithough some of
them are weakly active.

3.2.1 Characteristics of Radioactivity

Radioactive substances spontaneously and continually radfigtion.

The rate at which they emit radiation is not affectedvhyiation of

ordinary experimental conditions, such as temperattmnical change,
pressure, and gravitational, magnetic or electric fiel@kis radiation
affects photographic plates, causes gases to ionisetasitidemical
reaction (polymerisation) and makes certain substaregs ¢rystalline
ZnS) fluoresce. Radioactivity is always accompanied byetfwdution

of a large amount energy. Radioactivity also has plygical effects,
and some of them could be cumulative with time. Tasideffect of
radiation on any living organism is the destruction ofscell

3.2.2 Types of Radiation

The essential nature of radioactivity is the unstaldeesdf the nucleus
of the atoms of the radioactive substance. Thus, biisyaleads to a
rearrangement of the nucleus with the release of emettye form off]
(alpha) orjHe or 0 (beta) particles andl (gamma) radiation. The
nucleus which is formed after this rearrangement willth&t of a
different element and may be stable or unstable. Theewtrolcess is
called disintegration or radioactive decay.

a.  Alpha Rays (d-rays, 3He)
They are positively charged particles being a mass imastthat
of the hydrogen atom and bearing two units of charge. hheg
very little penetrating power.

b. Beta Rays (J-rays)
These are fast moving streams of electrons. They by
positively or negatively charged. But usually the térmays refer
to negatively charged particles. They have a very high peingtra
power but are much less effective in ionising gases oematt
With beta-decay the mass number is unaltered, but theréoss
of one unit ofhegative charge e.g.

50T R *31Pa (B~ decay)

s> '3B (B* decay)
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C. Gamma Rays
Gamma rays have no charge and are not affected by electric
magnetic fields. They are electromagnetic rays of theedand
as light or x-rays but have very short wavelengths aedges
which vary from 0.01 to 3 mev.

SELF-ASSESSMENT EXERCISE

I The name given to a species that is bonded to a central atom in a
complex is called

. Outline three applications of crystal field theory

Iii. Outline four setbacks of crystal field theory.

\Y2 Give four unique properties of nuclear reactions.

4.0 CONCLUSION

Various bonding theories were advanced to explain some of the pegperti
of the coordination compounds. None of the bonding theories could
individually explain all the properties of complexes. Hence, a
combination of these theories is used to explain some of the prepsrtie
coordination compounds due to their covalent and ionic characteristics.

Radioactive substances emit different types of radiasoihk as alpha,
beta, gamma, etc.

5.0 SUMMARY

In this unit, you have been introduced to the following

o Crystal field and molecular orbital theories of odination
compounds

o Differences between the valence bond and molecular orbital
theories

o Types of radioactive radiations.

6.0 TUTOR-MARKED ASSIGNMENT

1. Compare and contrast between electron and beta partidie®: (T
5 mins)
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1.0 INTRODUCTION

Thermodynamics of Reduction Process

So far in various units of this course, you have studiedieenistry of

various elements wherein an emphasis was given to periodic

relationships. As you know, metals as a group of elentexus acquired
a unique importance in the modern world. However, nature does
generally offer us metals in the free state. Metalsllysaecur in nature
in combined state as ores mixed with other earthy matefiaés branch
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of science dealing with the methods of extraction ofateeirom their
ores is callednetallurgy.

In this unit, we will discuss the basic principles on whastraction of
metals is based. We will also briefly describe variouscesses of
extraction of metals from natural sources. In the emttaetion and
purification of some important transition metals fromaittores will also
be discussed.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. describe the sources of metals and the states in whiglo¢bar in
nature;

. discuss the relationship between the occurrence and rgaofiv
metals;

. define the terms earth's crust, mineral, ore, gangueinatbn,
roasting, smelting, flux, slag, etc.;

. describe the methods of beneficiation of ores.

3.0 Abundance of Metals in the Earth Crust

3.1 Occurrence of Metals

Earth's crust and sea are the two main sources of mitdle earth's
crust metals occur both in the combined state in the formidrals as
well as in the native or free state. Earth's creisihé outermost part of the
earth, which has an average thickness of about 17 kmriisiei€ thinner
under the oceans and thicker under the continents.niimerals from
which the extraction of any metal is chemically feasidaed
economically competitive are known as ores of thaamétetals occur
in widely varying quantities in the earth's crust. The nedaabundance
of the most common elements in the earth's crust isigivdable 5.1.
You may note that about 75% of the earth's
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Table 5.1: Relative abundance of various elements in earthtrust

Element Percentage Element Percentags
Oxygen 46.6 Strontium 0.015
Silicon 27.7 Vanadium 0.015
Aluminium 8.13 Nickel 0.010

Iron 5.10 Zinc 0.008
Calcium 3.63 Copper 0.007
Sodium 2.83 Tungsten 0.005
Potassium 2.60 Cobalt 0.004
Magnesium 2.10 Tin 0.004
Titanium  0.63 Lead 0.0016
Hydrogen 0.14 Thorium 0.0008
Phosphorus 0.12 Beryllium 0.0006
Manganese 0.10 Arsenic 0.0005
Fluorine 0.08 Uranium 0.0002
Sulphur 0.052 Molybdenum 0.0001
Chlorine 0.048 Mercury 0.00005
Barium 0.043 Silver 0.000008
Carbon 0.032 Gold 0.0000002
Chromium 0.020 Other elements Balance

crust is composed of non-metals, oxygen and silicon. Etetive
abundance of only three industrially important metals, akiminium,
iron and magnesium are more than 2%.

The abundance of most other useful metals in the eartkss is very
low. Therefore, if the metals had been uniformly distriduite earth's
crust, it would have not been possible to extract theu.likily, the
metals generally in the form of their minerals, arevend distributed
and are accumulated at some locations, making themaixin easier.
These accumulations of minerals are termed as midepailsits. Usually,
the mineral is covered with a layer of soil, known asrdwrden. The
thickness of over-burden may vary from a few metres asise of iron
ore to thousands of metres as in case of deposits @f gbé mineral
deposit is brought to the surface by mining.
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Minerals are solid substances differing in chemical masition, colour,
lustre, density, hardness and other characteristiggei2ing on chemical
composition, the minerals can be divided into followingugs:

3.1.1 Native Minerals

These minerals contain the metal in free or elemeitai, e.g., copper,
silver, gold, platinum and iron. The metals are usualiynd mixed with
clay, sand, etc. Sometimes lumps of almost pure matal also found.
These lumps are called nuggets. Native iron is of migiorigin and its
occurrence is rare. Deposits of native iron are fourtreenland.

3.1.2 Sulphide Minerals

In these minerals, metals are present as their sulpltidesxample, iron
pyrites +(Fe3), calcocite (CgS), chalcopyrite (CuFe$, zinc blende
(ZnS), argentite (ARS), cinnabar (HgS), galena (PbS), millerite (NiS),
etc.

3.1.3 Oxide Minerals

These minerals consist of oxides of metals, which amaddreither by
oxidation of sulphide minerals or by direct oxidation of rset&lighly
electropositive metals, such as Al and Mg, occur onlpxades rather
than as sulphides. Some important oxide minerals amdtite (Fg03),
magnetite (F804), bauxite (APO3.2H20), cassiterite (Sng), cuprite
(Cu20), zincite (ZnO), rutile (TiQ), pyrolusite (MnQ), chromite
(FeO.CpO3), uraninite or pitchblende (2L8JO2), etc.

3.1.4 Oxosalts

In these minerals, metals are present as their ogpsalth as carbonates,
sulphates, nitrates, phosphates, borates and silicabase important
minerals of this group are siderite (Fe®)O magnesite (MgCg).
dolomite (MgC@®.CaC(®), cerussite (PbC9), malachite
(CuCQB.Cu(OH)), calamine (ZnC@), barytes(BaSQj), gypsum
(CaSQ1.2H20), epsomite (MgS@7H20), anglesite (PbS4), soda
nitre (NaN(), monazite (LaP@CePQ.NdPO.PrPQL.Th3(PX4)4),
spodumene (LIAISIOg), zircon (ZrSiQ¥), beryl (BesSigO18), etc.
Phosphate minerals are, in general, rare and occur icdogentrations.
Silicate minerals are abundant in nature. Howevereitteaction of
metals from silicates is difficult and the cost afraction is very high.
Therefore, only the less common metals such as lithierezatracted
from silicate minerals.
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3.1.5 Halide Minerals

Highly electropositive alkali and alkaline earth metalsotto form halide

salts, which being soluble in water are washed away @@teans due
to leaching of the top soil. However, many deposits ofdeathinerals

are also found under the soil. Some important halide almere rock

salt (NaCl), sylvine (KC1), hornsilver (AgCl), -carnallite

(KCI.MgCl2.6H20), fluorspar (Cap) and cryolite(AlF3.3NaF).

Ores as mined, generally contain variable amounts of niedaninerals
such as silica, clay, granite, etc. These unwante@rrakst are called
gangue. The proportion of the desired metal in the ore must be
sufficiently high so that the extraction of metal is cleaity feasible and
economically competitive. Ores of very low concentratare used only
if they can be processed easily and inexpensively or ihdtal produced
Is scarce. The lower limit of the percentage ofrtietal in mineral below
which extraction becomes unprofitable depends on the wdlthe metal.
Thus, ores containing 1% tin are frequently worked upon tarobte
and ores containing 5% tin are considered rich deposiia.df gold is
present to the extent of even 0.0015%, it is considered wgithction.
On the other hand, iron and aluminium will not be worthraeting
unless they contain 30% or more of the metal.

As indicated earlier, in addition to the earth's crustaos also provide
a huge storehouse of minerals in which the metals occulapiynas
soluble sulphates and halides. It is estimated that cubic kilometre
of sea water contains 1 million tonnes of magnesiuBQltonnes of
strontium and 5 tonnes each of gold, copper, manganesararead.
Magnesium is already being extracted from sea watdutlire, greater
attention will be paid to sea as a source of raw nasewhen supplies
of ore deposits on land are depleted. In addition to ses watdules or
lumps about the size of an orange have been found on ded depths
of 4,000-5,000 metres. The nodules are relatively rich in masgane
(25%) and iron (15%). Recently technology for deep sea mining
these nodules has been developed.

Form the above discussion, it should be clear to yaii tthere is a
relationship between the reactivity of metals and then fim which they
occur in nature. Reactive metals occur in nature in the fof their
compounds such as oxides, sulphides, halides and oxosaltsheOn
other hand, coinage and noble metals having ratherdawativity are
found in nature in both combined as well as native states.
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3.2 Beneficiation of Ores

Most of the ores available in nature contain largewtsof impurities,
l.e. gangue. Direct extraction of metals from thesdrg metallurgical
processes is uneconomical and technically difficult. &loge, the ores
should be processed first by some cheaper methods whiclveeime
gangue partly or wholly. The pretreatment of ores by chelae¢hods,
based mainly on physical properties and without bringing outnaajgr

chemical change in the ore is known as beneficiatiarzoocentration of
the ore or ore dressing. Beneficiation of ores resulssaving the cost of
the transportation, fuel, fluxing agents and increasedymt@n.

The methods used for beneficiation of ores are baseatiffenences in
such properties of ores and gangue as colour, lustes, dgnsity, and
wettability by water or oil. The simplest method of dreneficiation
consists of hand picking of ore particles, which is ase difference in
colour, lustre or shape and size of ore particles andugahtand picking
can be adopted in areas where labour is cheap. Howbiemethod is
outdated and is practiced only in very specific cases when w#tbods
are not possible, e.g., hand picking of diamonds froavedrand clay.
Important methods of beneficiation of ores are gravitpassion,
magnetic separation and froth floatation, which we wollvndiscuss in
brief.

3.2.1 Gravity Separation

This is one of the simplest methods of concentratioores. It is based
on the difference in the specific gravities of the anel gangue. In this
method, the crushed ore is kept on top of a sloping talbleh is made

to vibrate. A stream of water is passed in the direqienpendicular to
the slope. The lighter particles are thrown up by vibratiod are
removed by the water stream. The heavier mineral pastgttle to the
bottom and are collected. This method of gravity separasi known as
tabling. Casseterite or tin-stone, chromite and pitchblende ar
concentrated by this method.

A modification of the above methodssmk and floatmethod. In this,
the powdered ore is suspended in a liquid whose specifigtygra
intermediate between the densities of gangue and #eTbe lighter
material floats and the heavier material sinks. In timsthod, the
difficulty is in finding a liquid of the proper specificayity. A solution
of calcium chloride in water is often used. Suspensiorsaind in water
giving liquids of specific gravities up to 3.2 are also usealvéler, due
to technical problems this method is rarely used in condemtraf low-
grade ores, but it is widely used in cleaning coal.
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3.2.2 Magnetic Separation

This technique is based on the difference in magnetic prepeoti
minerals. If the ore but not the gangue is attracted toggnetic field, it
can be concentrated to yield a sample which is rich inntb&al. The
pulverised mineral is passed over a rubber belt which mowvegpulley
in a magnetic field (Fig. 5.1). The non- magnetic gargaurécles fall off
in a vertical position when the belt passes over fhdley, but the
magnetic ore clings to the belt. When the belt passesfdabe influence
of the magnetic field the ore drops off. Magnetite3(B4), haematite
(Fe203), wolframite (FeEWQ+MnWOs), chromite (FeO+CQ0O3) and
iImenite (FeOTiO2) aresome of the minerals which are separated from
non- magnetic impurities by this method.

Pulverised mognetic ore with .
nonmagnetic gangue

A /—Gonque

Magnetic
ore

Fig. 5.1: Magnetic separation of ores
3.2.3 Froth Floatation Process

Froth floatation process is the most important methodémeficiation

of ores. This process has made possible the benefitiatilow-grade
ores which could not be processed earlier. The procdsstbfflotation

is widely employed to concentrate sulphide ores. Howenany oxide
ores can also be concentrated by this process. It id basine difference
in wettability of different minerals. In this processethre is finely
ground to give a thick pulp containing 30-40% solids.

A small amount of pine oil, oleic acid or cresyliadgavhich cause
frothing, is added to the pulp. A substance, which is capzblepelling
water from the surface of mineral and thus promote<hatiant of
mineral particles to air bubbles is also added to pulp. This audests
called collector. Sodium ethyl xanthate2HEOC®Na, is commonly
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used as a collector in floating copper, lead and nickiphgle ores.
Another substance calledttivator, which helps in the action of collector
can also be added. The entire material, i.e., the raidtipulp, frother
and collector, is taken in a container and then airasvivl Air bubbles
adhere to the mineral particles and make them floakifiaitm of a froth
which iscollected. The gangue is wetted by water and sinks (R2g. 5

Minerai ﬁ Foam
parﬂcles l containing

N Py

s
%/ﬁ// ’
.

Ll e

\

puip+olt
+water

i ,/:
// ,////?(%/

.

Fig. 5.2: Froth floatation process for concentration of sulpide ores

Some ores contain more than one mineral, so separdt@reanineral
from the other in addition to separation from the gangnedgssary. To
achieve this, a depressing agentdepressantwhich suppresses the
floatation of one of the minerals is added. An important exampibas
concentration of lead-zinc ore.

If the ore is concentrated without a depressor, both leddiac sulphides
collect in the froth. If a small amount of sodium oigke or zinc suphate
iIs added, zinc sulphide is depressed, permitting floatatiorlead
sulphide. After removing lead sulphide, copper sulphatadded to
activate the depressed zinc sulphide and air is blown whersalphide
floats. This method is known akfferential floatation

3.3 Reduction to Metal

After removal of the gangue, i.e. impurities physicatiixed with the
metal compounds; the concentrated ore becomes readlyef isolation
of metal. In concentrated ore, the metals are prese¢he form of their
compounds. Extraction of metals involves the reductionntal
compounds to free metals. In general, depending upon thevityaat

metals, their compounds can be reduced by one or more tieaof ohe
three types of metallurgical operations. These opestiare
pyrometallurgy. hydrometallurgy and electrometallurgy, whichwil

discuss in brief in this section.
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3.3.1 Pyrometallurgy

In pyrometallurgy, the concentrated ore is heated to a leigipdrature
and reduction is done with a suitable reducing agent. Theretit steps
involved in pyrometallurgy are calcination, roasting amieling. The
concentrated ore is converted into the metal oxide byinedicn or
roasting, if it does not already exist as an oxid&is Ts because other
metal compounds like sulphides, sulphates, carbonatesare difficult
to reduce. Finally, the metal oxide is reduced to metal bytsmel

3.3.2 Calcination

This is the process of heating the concentratednoaelimited supply of
air to a high temperature but below the fusion temperalttualcination,
volatile constituents of an ore are expelled.

Hydroxide and hydrated ores lose their water forming nuetales. In
case of carbonate ores, carbon dioxide is lost and| rogides are
formed.

1500 K
A(OH)3 »\1203 + 3H201

1300- 1500 K
CaCQ »CaO +CQ 1

3.3.3 Roasting

Roasting is the process of heating ores in the presainexcess air and
involves oxidation. It is mostly applied to sulphide oresich are
converted to oxides or sulphates. Some impurities likphglgs of
arsenic and antimony also get oxidised and volatilisede¥ample,

4FeD + 11O > 2Fe203 + 8SQ» 1
ZnS + 2Q > ZnSO

2Zn0 + 3Q > 2Zn0O +2SQ 1
2As2S3 + 902 > 2As2031 + 6S02
T

When cuprous sulphide is roasted in a limited supply oftag partially
oxidised to CgO, is then reduced to copper by the remaining cuprous
sulphide:

2CWwpS + 3Q — 2Cp0 + 2S@ 1

Cw2S + 2Cw0 —_— 6Cu + 30
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Sometimes, the oxides formed during roasting are unstable an
decompose into elements at a moderately high temperaturexdople,

in the roasting of cinnabar, the red sulphide ore of umgrahe oxide
formed decomposes to give the metal:

2HgS+30—> 2HgO + S@ 1

800 K

2HgoO—> 2Hg +2Q

3.3.4 Smelting

The roasted ore, which is usually an oxide, is strongly heatéda
suitable reducing agent as a result of which the metabtained in a
molten state. This process is callsthelting.In smelting, a suitable
chemical substance calldlix is also added. The flux reacts with the
gangue that remains after concentration to form a loltinrgecompound
calledslag The liquid metal and the liquid slag are immiscibhel @re
easily separated. Usually the slag is lighter than thedliopetal and can
be easily skimmed off from the surface of the moltenainet

The gangue generally contains either basic oxides like, €EaO, etc., or
an acidic oxide like silica. When the gangue containsasic oxide,
the flux used is an acidic oxide like silica. For garggaentaining an
acidic oxide, a basic flux like FeO, CaO or lime st@nadded.

SiIC; £ Cap CaSiO

SiOz2—++ed FeSO

You have studied under roasting that HgO can be redugedrtury by
simply heating it to 800K — a temperature which can be conveyientl
managed. Most oxides can be reduced to free metals by thermal
decomposition at very high temperatures, but then the prbeessnes

very expensive. However, by using a suitable reducing ageshiction

of metal oxides can be achieved at much lower temperaflineschoice

of a reducing agent is guided by two considerations. Hrstrgducing
agent should be able to produce the desired metal at @ toperature.

The second consideration is the cost of the reducingt.aljeshould be
less expensive than the metal to be produced. Carbon iartheof coke

is the least expensive reducing agent. Iron, zinc, Iéiad, cadmium,
antimony, nickel, cobalt, molybdenum and many other mesaés
produced by carbon reduction of their oxides at temperature® up t
1800K. For example, zinc oxide is reduced to zinc:

ZnOs) +S5—> 49+ CQyg)
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However, the reactions that occur in a high temperaan®a reduction
process are not as simple as represented above. In casss$, the
effective reducing agent is carbon monoxide, not carbhis. is because
both the metal oxide and coke are solids, thereforéacbbetween them
Is poor and direct reaction is slow:

MOgs) + Gs) — WY+ CQy

However, carbon monoxide, which is a gas, makes a lmetteact with
the solid metal oxide and the reaction proceeds mordyeadi

2Cs) + O2() — 2G®
MGQs) + CQyg) — M+ COq)

This aspect will be discussed further when we descritvaaion of iron
later in this unit.

Some metals such as Cr, Mo, W, Ti, Mn, Mg, Al, etan e produced
theoretically by reduction of their oxides with carbon, Ingtytreact with
carbon to produce metallic carbides. Therefore, remuegtith carbon
IS not a satisfactory method for producing these metads pare form.
Hydrogen, though more expensive than carbon, is usededsietant for
extraction of some of these metals, e.g., Ge, Mo and W
GeQ + 2H2 ——» Ge + 200
MoO3 + 3H2 » Mo + 3H0
WOs + 3H2 W + 3H20

—>

However, many metals combine with hydrogen also to form metal
hydrides. Therefore, hydrogen also cannot be used forethetion of
compounds of such metals. Highly reactive metals like Ng, G& and

Al are used to displace these metals from their oxidd®mlides. These
reactive metals are comparatively more expensive redu@ggnts
because they themselves are difficult or costly tpgme The reduction

of an oxide by aluminium is calle@oldschmidt-Thermite process
(Thermite reduction)

Cp0O3() + 2Als) ———» 2@+ Al203¢)
3MnO2s) + 4Als) —  3Mn+ 2AI1203)
SBaQs) + 2AI(5) —_— SB)a-I- A|203(|)

The reactions are highly exothermic producing metals in tHeemstate.
You have already studied in Unit 6 that the reaction @f08ewith Al is

used in spot welding of iron pieces. Other oxides comiaéyraieduced
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by metals include U® (by Al or Ca), \2O5, MoO3 and WQ (by Al),
S03, Lag03, ThO2 (by Ca) and T205 (by Na).

Some metals can be more conveniently produced by reductithreiof
halides such as Ti@| ZrCl4, HfCl4, LaCI3, LaCB, UF4, etc., by Mg,

Ca or Na. This process is knownka®ll's process.

1000 K

+ Mg, T o Tig + 2MgCl

TiClyg) 20)

The most reactive metals, which cannot be reduced by aeyrettucing
agent, are prepared by electrolytic reduction of their compounds
molten state. Lithium, sodium, magnesium and aluminitempaoduced
by this method. These metals arc too reactive to be ldubray
electrolysis of an aqueous solution. We will discusstedawtallurgy
later in this section.

3.3.5 Thermodynamics of Reduction Process

As you have read above, metallurgy of most metals w&goieduction

of their oxides. The nature of the reduction process dependshgease
with which the oxide can be reduced. Some oxides are so ezdilged
that they decompose just by heating at relatively low teapees. For
example, Priestley, in his experiments on oxygen producedllimet
mercury and oxygen from mercuric oxide by simply heating it wauith
light. When sun light was focused on HgO by means of a magnifying
glass, it decomposed spontaneously according to the equation:

ﬁng:s) 2"(@ + 02(9)

The practicality of producing a free metal by thermal decaitipo
depends on the extent to which the reaction proceeds tdet@mnpat a
given temperature. As you know, the feasibility of thectiea is
governed by the free energy change taking place duringetietion.
When AG® for a reaction is negative, the reaction is feasitbm a
practical stand point because significant amounts of produititbe
formed. You know that the standard free energy chan@eé, is related

to the standard enthalpy changé{°, and the standard entropy change,
AS’, according to the following equation:

AG'=AH® —=TAS

In other words, the sign and magnitudeabf® andAS’ control the sign
and magnitude ohG°. Let us look little deeper into this relationship.

Since in the decomposition of an oxide, oxygen is produceden th

gaseous form and sometimes the metal may also be produgegaur
form, the process occurs with a sizeable increase m@nNtsoAS” will

122



CHM 303 INORGANIC CHEMISTRY il

be positive. Enthalpy of decompositiaxhi°d is simply the negative of
the enthalpy of formation of the oxidaH°f Since AH°f is generally
negative for metal oxides, enthalpy of decompositiohlvalpositive. As

a result, the sign oAG° is determined by the difference between two
positive quantitiesAH® and TAS’, T the absolute temperature being
always positive.

From the above, we can deduce that if the enthalpy eohabon of
the metal oxide is small as in the case of HQOR2@\gCuO and ARO3,
then the enthalpy of decomposition will be a small pasiguantity and
AG®, which is given by the difference aH° and TAS’, will become
negative at relatively low temperatures. These oxatessaid to have
relatively low thermal stabilities.

On the other hand, if the oxide has a large negahtreaépy of formation,
then the enthalpy of decomposition of the oxide will Harge positive
guantity. As a result, the value afz° will become negative at a very
high temperature, whefeAS’ becomes larger thaxH®. Thus, the metal
oxide would be stable with respect to thermal decompositiocorder to
decompose such a metal oxide, it would have to be heatedety aigh
temperature at which cost becomes prohibitive. Thus, ledyel of how
the standard free energy chang&°, for the reduction reaction varies
with temperature is very important.

Scientist, H. J. T. Ellingham investigated the vaoia of standard free
energy change\G® for the formation of a number of oxides, sulphides
and chlorides of some elements, with temperature in 1944. Tiesams
known asEllingham diagrams. As stated earliezG° is related taA\H°®,

AS’ andT according to the following equation:

AG°® =AH° - TAS.

It should be reminded that for most of the chemical reactisHS and
AS’ do not change significantly with temperature and can bededas
constant. ThusAG® plotted againsi gives a graph of constant slope,
which is equal toAS’. But, due to abrupt changesAS’, breaks in the
graph occur at temperatures at which reactants or produltte mil,
l.e., undergo phase change.

Fig. 5.3 shows the Ellingham diagram for the formatiomefal oxides
from free elements. By examining the diagram, the teatpee at which
the standard free energy change for the formation of an oxidenesc
positive, can be obtained. For example, considerAtae /T graph for

the reaction of zinc with oxygen:

27ng+ Qg 22nQ
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Free encrgy/kd mol !

— 1200 —1

Fig. 5.3: Ellingham diagram showing the variation of the freeenergy
of formation of metal oxides with temperature

At 0°C (273 K), the value of standard free energy changenireaction
Is about -600 kJ, which becomes less negative as temperatsend
eventually at becomes zero at about 1,900°C. Abogetémperature,
AG® will become more positive, therefore ZnO will spowausly
decompose to zinc and oxygen. This behaviour is typicalf elements
except carbon; at sufficiently high temperatures the oxioesome
unstable relative to their constituent elements.

With the help of Ellingham diagrams, standard free ggnehanges for a
large number of reactions can be obtained. For exanmglestandard free
energy change can be obtained from the plots fofollmving two
reactions at 25°C:

2Csr+©2 (g 2CQ): AG° =-275kJ (@)
—ZnQy 27218 + O2(g): AG° =+600 kJ (b)

It may be noted that the standard free energy change imahbibee,
equation (b), is positive because it represents the decdmpasi zinc
oxide. On adding the above two equations (a and b) and resp&Gfive
values. The following overall reaction is obtained.

—2ZaQy 2Cg) 2Zp + 2CQg): AG® = +325 kJ
Because the standard free energy change for the abosgomess
positive, the reaction has little tendency to occur at Z398K). Since,
two moles of gaseous product, i.e., CO, are produced duheg

124



CHM 303 INORGANIC CHEMISTRY il

reaction, AS’ is positive. ThereforeAG® decreases with increase in
temperature until the point of intersection of the twogpfot C/CO and
Zn/ZnO systems is reached at about 900°C. Above thisaeture AG°
will become negative. Therefore, carbon will reduge 20xide above
this temperature - a temperature of 727°C lower thanetimpdrature of
thermal decomposition of zinc oxide. Similarly, with thelg of
Ellingham diagram for Zn/ZnO and2H20 systems, we can find out
that H2 will reduce ZnO at a temperature of 1,127°C. Since remluct
of ZnO with carbon, which is also much cheaper than hydraganpe
carried at a lower temperature, it is clear that redoctising carbon
IS much more economical than reduction using hydrogen.

In the case of carbon or carbon(ll) oxide reacting with orygelecule,
the following reactions as illustrated by equations (c) and afe)
possible. In equation(c), there is no significant changaSrof the
reaction, hence the plot afs versus temperature is horizontal (Fig. 5.3).
But in equation (d), there is a decrease in the valueSpthus the slope
Is positive. This is also the case with all metal oxidesh&iiron.

©+ 72 , CQg) ) (c

2CQy + 02 —RCQy (d)

Ellingham diagram is very useful for finding out themperature at
which appreciable reaction occurs. The lower N@°/T graph of an
element is on the diagram, the more stable its oxideslative to
dissociation in to that particular element and oxydena couple of
processes, one metal can be used to reduce the oxide of othenvhéthl

lie above it in the diagram. This is because the free endtiglgenmore
negative by an amount equal to the difference between the two plots at
the given temperature. As it can be seen from above tadiomr
reduces ZnO above 900°C, but below this temperature zihc w
reduce CO.

Hence, theoretically carbon will reduce all oxides. Bug threat
difficulty in obtaining very high temperatures coupled with therfation

of carbides during the process have made preparation of the mor
electropositive metals using this method impossible. #lso clear from

the Ellingham diagram that hydrogen can be used as a recigengfor

the oxides of those elements whas&°/T graphs are above that of
hydrogen in the diagram. Thus, hydrogen can reduce the oxides o
tungsten, lead, antimony, copper, nickel, zinc and cadmium.

Also, all oxides can be decomposed to give metal and oxygenutelec
But in practice, some metal oxides, such as those of Ag, AuHgnd
would decompose at low temperature. Therefore, these metalseca
extracted by thermal decomposition of their oxides.
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Figure 5.4 shows the Ellingham diagram for sulphides afious
elements. When carbon and hydrogen are used taeeslulphides,
CS and BS are obtained respectively. It can be observenh filee
diagram that none of the other lines are crossed by @6l HS.
Therefore, carbon and hydrogen are not effective reduciegtador
metal sulphides. Instead, the sulphides are first roastan to convert
them to oxides, which are then reduced.

2 H,S \
o— — 6° =0
=~ =T Ao —-t

2 FeS
T2 PbS

2 Cu,S
2 MnS

2 SO,

2Cas

500 1000 LB00, s RO00
- FTemperature (°C) -

Fig. 5.4: Ellingham diagram showing the variation of the free eergy
of formation of metal
sulphides with temperature

The Ellingham diagram for chlorides is shown in Fig 5t5cdn be
considered from the diagram that carbon cannot be usadeductant
for chlorides, but hydrogen can be used for this purpose, afipei
higher temperatures.
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L L 1 1 :
500 1OOO 1S5S0O0 2000
Teaemoeaerature (“C)H

Fig 5.5: Ellingham diagram showing the variation of thefree energy
of formation of metal halideswith temperature

3.3.6 Hydrometallurgy

The principal application of hydrometallurgy is in the caswtgrade

ores, which cannot be concentrated economically. Ingdiosess, the
powdered ore is first treated with an aqueous solution of abdelit
chemical whereby the metal is obtained in the formt®fspluble salt
leaving behind gangue particles. This process is calletiteacSome

examples of leaching are given below:

Low grade oxide, carbonate and sulphide ores of coppédreated with

dilute sulphuric acid in the presence of oxygen:

CuO + BRSO — > CuS( + H20

CuCQ3 + H2SOU4 — CuSQ1 + CO2 + H20

Cu20 + 2HSO4 + 202 ——26uSQ) + SO + 2H20

When the silver ore, AgCl, is treated with an aqueousisal of sodium
cyanide, AgCl dissolves in it due to the formation of Ng[@N)2]:
AgCl + 2NaCN —_— NgEN)?2] + NaCl

Sulphide ore, AgS, dissolves only slowly as the reaction is reversible:
Ag2S + 4NaCN = 2NaJAg(CN}+ Na2S

If airis passed through this solution, sodium sulphid@xglised to
sodium sulphate and the forward reaction goes to coimpldissolving
all the sulphide ore. In the presence of air, nasileer is also leached
out in the form of Na[Ag(CN)]:

4Ag + 8NaCN + 240 + & — , A4NaJAg(CH)+ 4NaOH
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The leached-out metals are recovered from the solitrer by
precipitation on treatment with a more electropositmetal or by
electrolysis. For example, copper can be recovered iti® solution by
adding metals like Fe, Al, etc. Silver is obtainednirits solution by
treatment with Zn or Al

CuSOp+Fe—— Cu + FesO

2Na[Ag(CNp+2n 2Ag + NEZN(CN)4]

Alternatively, the dilute solution can be concentrateod ahen
electrolysed to obtain pure metals. From leached soluficomper ores,
copper is often recovered by electrolysis of the solufiorelectrolysis
the anode used is of lead alloy and the cathode ipofeacopper sheet.
When direct current is passed through the solution, coppedgposited
on cathode. Sulphuric acid is generated during electsolysiich is
recycled in leaching of ore. Following reactions tgkace during
electrolysis:

Anode 20— * ) + 4H+(aq) +4e
Cathode: Ca* (agy+2e* Q(
2H (ag + 32 (ag) SQ4(ag)

3.3.6  Electrometallurgy

The above two metallurgical processes, namely pyrolegsl and
hydrometallurgy can be used in the extraction of a faifgelanumber
of metals. These methods, however, cannot be usedeas:cas

. where the metal is highly reactive, e.g., Na, Li,. &there are
no chemical-reducing agents strong enough to preparertietaés
. where the oxide gets reduced at very high temperatures evher

formation of carbides can take place, e.g., Al, Mg, etc

In these cases, metals can be extracted by electrolfysi®ir salts in
molten state. Thus, sodium and magnesium are prepared bylgks

of fused chlorides, where the metals are liberated atcatieode and
chlorine gas is evolved at the anode (Fig. 5.6). Followéagtions take
place during electrolysis:

Anode: 2Cl @) + 2e
Cathode: 2N&—+2¢ oNaMg?t + 2e M
—
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Cathode

Fig. 5.6: Electrolysis of molteh sodium chloride

In theory, aluminium metal could be made the same Baty.aluminium
trichloride is covalent and it does not conduct eleyricAs you will
recall aluminium is obtained by electrolytic reduction afimina in
fused cryolite at 1100 - 1300 K using carbon anode and iron dmtho
Electrolysis yields aluminium at cathode angl @ anode which reacts
with carbon to produce CO

The reactions at electrodes are:
Anode: 2G—— Qg + 4e

Co)tOyg — >  Cély
Cathode: Ar+3e> Als)

I Write the molecular formula of the following oxosalt minerals:
(@) Dolomite
(b)  Malachite
(c) Siderite

. What are the factors responsible for selection of a geddcing
agent for extraction of metals?

Iii. Why is carbon reduction not used to obtain certain metaf fro
their ores?

\Y2 Explain briefly which metals are produced commercially by the
electrolysisof
(@) agqueous salt solutions
(b)  molten salts

V. Outline two disadvantages of pyrometallurgy and hydrometallurgy
processes for extraction of metals.

4.0 CONCLUSION

Metallurgy deals with the science and technology applied to theetatra
of metals economically on a large scale from their respeoties. Since
metals do not occur freely in nature, they are found in combinecstate
ores. The method for beneficiation of metals from their orebased on
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differences in physical properties of ores such as colour, sie,
density and wettability by water or oil. Some of the beneficiatiethods
include gravity separation, magnetic separation and froth floata@f
these methods, froth floatation proves to be most important.

5.0 SUMMARY

. The earth's crust is the biggest source of metals. Codgtmetals
which are relatively inactive occur in the free or natstate.
Metals which are reactive are found in the form of their
compounds like oxides, chlorides, sulphides, carbonates, etc
mixed with impurities.

o Before the extraction of a metal, the ore is coneget by
mechanical washing, magnetic or froth flotation process
depending upon nature of the ore and impurities.

o Different ores of metals require different treatmeatdal on the
reactivity of the metal, i.e., pyrometallurgy, hydronfietgy or
electrometallurgy.

. In pyrometallurgy, the concentrated ore is converted thie
metal oxide, by calcination or roasting, which can be easily
reduced to metal by smelting.

. In hydrometallurgy, the ore is heated with agueous solvents
containing a chemical reagent with a view to extractiregmetal
in the form of a suitable compound by leaching action.

o Metals, oxides of which cannot be reduced by carbon, hydrogen
or even other metals can be obtained by electrolysismEtal is
liberated at the cathode.

6.0 TUTOR-MARKED ASSIGNMENT
1. Compare among the following metallurgical processes
(a) calcination

(b) roasting
(c) smelting (Time allowed: 12mins)
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1.0 INTRODUCTION

Generally, metals are reactive in nature, hence are not fouadgrur.
In this unit, you are going to learn different techniques that casdxkto
separate these metals from their impurities. You aregasyg to learn
about alloy, which is also an important property of transition metal, e
Cu and their uses.

2.0 OBJECTIVES

By the end of this unit, students should be able to:

o discuss various metallurgical processes like pyrometll
hydrometallurgy and electrometallurgy;

. use Ellingham diagrams for selecting suitable reducingtader
extraction of metals; describe various methods of patiba of
metals;

. discuss the importance and uses of alloys.
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3.0 MAIN CONTENT

3.1 Purification Methods

The metals obtained by metallurgical processes still tatonsome
impurities which persist from the ore or are derived ftbenflux or the
fuel used. In order to get pure metal, further purificatoo refining is
necessary. There are several methods available foricatioh,
depending upon the nature of the metal and the type of ingsupitesent.
Some refining processes are designed to recover valuabkal
impurities also, such as, gold, silver and platinum. &heethods of
refining are as follows:

3.1.1 Liquation

Crude tin, lead and bismuth are purified by liquation. In theshiod, the
impure metal is placed at the top of a sloping headimtained at a
temperature slightly above the melting point of the mefehe metal
melts and flows down the inclined hearth into a well leabelgind the
solid impurities.

3.1.2 Distillation

Metals with low boiling points, such as zinc, cadmiumd anercury
can be purified by distillation. The distillation is usually reza out
under reduced pressure to enable boiling of the metal atr lowe
temperature.

3.1.3Electrolysis

In electrorefining, the impure metal is taken as theda and a strip of
puremetal coatedvith a thin layer of graphite is made the cathode in
an electrolytic cell. The electrolyte is an aqueous goludf a salt of the
metal. On electrolysis, the impure metal from the angdes into
solution and metal ions are reduced and get deposited aratihede.
Only weakly electropositive metals like copper, tin and le&eth are
readily oxidised at the anode and reduced at cathodeecparlied in
this manner. A general reaction can be written as fatlow

M (impurey———> "Ri(ag) + ne, at the anode
MY (ag) + ne——> M (pure), at the cathode

Other impurities in the metal settle down as anode mudeoain

dissolved in the solution. In the case of electrolsgiining of copper, an
impure copper rod is made the anode, pure copper strips thedeat
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and copper sulphateolution the electrolyte (Fig.5.7). The following
electrode reactions take place:

Anode studge
(Ag,Lu,Pt)

Pure copper
deposirs

Fig. 5.7: Purification of copper by electrolysis

— &g & (ag) + 2€, at anode
Cﬁ?i(aco+2e Cg)( at cathode

Thus, 99.95% pure copper is obtained in this pmcEse more reactive
metals such as iron, which are present in the caajger, are also
oxidised at anode and pass into solution. The gelia so adjusted that
they are not reduced at cathode and thus remasolition. The less
reactive metals such as silver, gold and platininpréesent, are not
oxidised. As the copper anode dissolves, theytfathe bottom of the
cell from where they are recovered as a valualdel@amud.

3.14 Zone Refining

This method is used to obtain metals of very highitp. The basic
principle involved in this process is similar t@dtional crystallisation.
A small heater is used to heat a bar of the immetal. The heater melts
a small band of metal as it is slowly moved alohg tod. As small
bands of metal are thus melted sequentially, the metal crystallises
out of the melt, while impurities pass into theaadjnt molten zone. The
impurities thus collect at the end of the bar. T@nd can be cut off and
removed. High grade germanium and silicon are nbthby purifying
them by zone refining (Fig. 5.8).

?’I““"ra"\.'é{,ra!{zi'ﬂ'g":.ﬁﬂﬁr g

Fig. 5.8: Diagrammatic representation of zone refiilmg process
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3.15 Parke Process

Parke process for refining lead, which is also a cond@mrenethod for
silver, relies upon the selective dissolution of siliemolten zinc. A
small amount of zinc, 1-2% is added to molten lead wh.ctacmnsilver
as an impurity. Silver is much more soluble in zinc thaead] lead and
zinc are insoluble in each other. Hence, most of ilwersconcentrates
in zinc, which comes to the top of molten lead. The zincrlapdidifies
first upon cooling; itis removed and silver is obtained isyiling off
zinc, which is collected and used over and over again,

3.1.6 Van Arkel de Boer Process

This method is based on the thermal decomposition @fatile metal

compound like an iodide. In this method, first a metaldeds formed
by direct reaction of iodine and the metal to be purified sgmperature
of 475-675 K in an evacuated vessel. The vapours of metdkiothius
formed are heated strongly on a tungsten or tantalumdmam@mt 1300-
1000 K. The metal iodide decomposes to yield the pure metail, ths

case of zirconium.

473-673K 1300 - 1800 K
Zr(s) * 212(9) Zrl‘(g) Tungsten FiIameﬁ IES) * ZE(Q)

Titanium is also purified by this method. The impure met&leated with
lodine and Ti thus formed is decomposed by heating at 1700 K over
tungsten filament:

. ) 1700 K )
Tig + 2bgy — Ti Ty + 2by

4@ Tungsten Filament

The regenerated iodine is used over and over agduis. pfocess Is very
expensive and is employed for the preparation of limiteolems of very
pure metals for special uses.

3.1.7 Mond Process

Some metals are purified by obtaining their volatile caybo
compounds which on heating strongly decompose to yield purd. meta
Purification of nickel is done by this method. Impure nidketeacted
with carbon monoxide at 325 K to give volatile nickel carbdesl/ing
solid impurities behind. Pure nickel is obtained by heatiokehcarbonyl

at 450-475 K:

325 K 450-475 K
Ni + 4CQg) > Ni(CQy — i+
4CQy)
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3.2 Isolation of Some Important Transition Metals

In the preceding section of this unit, we have discussedb#sac
principles and processes involved in the extraction of Imetia this
section, we will now describe the extraction of sompdrtant transition
metals of the first transition series.

3.2.1 Titanium

Titanium, which comprises 0.63% of the earth's crust,asnihth most
abundant element. Titanium has many useful propertiessatt strong as
steel, but only about 60% as dense as steel. It is alsg hegistant to
corrosion. Major uses of titanium are in aircraft indystor the
production of both engines and airframes. It is also widegd us
chemical processing and marine equipment.

The two most important ores of titanium are rutileqZ) and ilmenite
(FeQTiO2). India possesses large reserves of iimenite in beauts of
south and south-west coasts while deposits of rutile argedim
Titanium is extracted from these ores by Kroll procésshis process,
rutile or ilmenite ore is first heated with carbon at 1R0@ a current of
chlorine gas:

1200 K
— T+ + 2CI2 TiCl4 + CO2
1200 K
2FeO.TiQ +6C + 7GP 2TiCl4 + 2FeC8 + 6CO

Titanium tetrachloride is separated from Fg@@hd other impurities by

fractional distillation. As titanium reacts with mgen at high
temperature, TiQl is reduced with molten magnesium in an atmosphere
of argon:

1225- 1400 K
—HESh+2Me Ti2MgCl2
1225 - 1400 K
TiICl4+4Na— Ti + 4NaCl

Magnesium chloride and excess of magnesium are removed by
leaching with water and dilute hydrochloric acid leaving behi
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titanium sponge. Titanium sponge after grinding and cleanitigagua
regia is melted under argon or vacuum and cast into ingotsate f
magnesium, sodium can also be used as a reducing agentagrottess.

3.2.2 Chromium

Chromite, FeO.Q0g3, is the only commercially important ore of
chromium. In order to isolate chromium, the ore islfir@wdered and
concentrated by gravity process. The concentrated aréxed with an
excess of sodium carbonate and roasted in the preséraie so that
Cr203 present in the ore is converted into sodium chromate:

4FeO0.CpO3 + 8NepCO3+702 — 5  8NapCrOs + 2Fe03
+8CQp

The roasted mass is then extracted with watepQ¥@4 goes into
solution leaving behind the insolubleZ&s. The solution is treated with
sulphuric acid to convert the chromate into dichromate:

2Na2CrO4 + HoSO4— NapCr207 + NepSO4 + H20

The solution is then concentrated when the less solulaeSQy
crystallises out leaving more soluble2@Gx207 in solution. The solution

is further concentrated to get crystals opRe&O7, which are heated with
carbon to yield chromium oxide:

NaCr207 + 26— QO3 + N&CO3+ CO
Chromium oxide is then reduced with aluminium powder by
Goldschmidt-thermite process or by heating with a daled quantity
of silicon in the presence of calcium oxide which fornstag of calcium

silicate with silica:

Cp0O3 + 2-A4—— 2Cr + AO3

2Cp0O3 + 3Si + 3Cao—> 4Cr + 3Cal0
3.2.3 Iron
Iron is the second most abundant metal, aluminiumgoée first,
constituting 5.1% of the earth's crust. Haematite(J3s containing 60-

64% of iron is the most important ore of iron. Othersood iron are
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magnetite, F8O4, limonite, FO3.3H20 and siderite, FeC® Iron
pyrites, Fe3 which occurs abundantly is not used as a source of iron
because of the difficulty in removing sulphur from twempound.

Iron ores are of high grade. Therefore, generally thes @ not
concentrated. The ore is crushed into fine particléstlaen washed with
water to remove clay, sand, etc. This is thaltined or roastedn air
when moisture is driven out, carbonates are decomposedrgadi®
matter, sulphur and arsenic are burnt off. Ferrous oxidsasconverted
into ferric oxide during this process:

Fe3Q4——» FeO + §O3
—FeQ8.3H20 FeO3 + 3H20

2FeC3—> 2FeO + CQ
2Feo1L(p Fe203

In the iron ore, the chief impurities are of silica ahdrana. To remove

these, lime stone is used as a flux. The calcined @tadaore is then
smelted,.e., reduced with carbon, in the presence of lime stane fl
Smelting is done in hlast furnaceshown in Fig. 5.9A modern blast

furnace is a tall vertical furnace about 30 metres highabd metres in

diameter at its widest part. It is designed to take cavelafne changes,
to allow sufficient time for the chemical reactidnsbe completed and to
facilitate separation of slag from the molten metal.

The outer structure of the furnace is made from thieklgilates which
are lined with fireclay refractories. The furnace atbiése is provided
with (i) small pipes calletuyeresthrough which hot air is blown, (ii) a
tapping holethrough which molten metal can be withdrawn and (iii) a
slag holethrough which slag flows out. At the top, the furnace is
provided with a cup andone arrangement for introducing charnge,
starting materials in the furnace.

The calcined or roasted ore mixed with coke and lime stsried
into the furnace. The furnace is lit and a blast ofdiois passed through
the tuyeres. Coke is burnt at the bottom of the doento form CQ

liberating large amount of heat, which raises the termpex#o 2200 K:
C+p CO2; AH = 394kJ

As the hot gases rise, @@eacts with additional coke to form CO which

Is the active reducing agent. As this reaction is endwmibetemperature
drops to 1600 K:
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CO2+C —260AH = 173kJ

f— Charge

Exhaust gases
3Fez03 + CO—2Fez0a4 + CO2z

FesOs + CO—>3FeO + CO2

FeO + CO—>Fe + CO2

air

CO2 + C—>2 CO

o e

Fig. 5.9: A blast furnace

The reduction of iron oxide takes place in a series epsstAt the
top of the furnace, where temperature is around 800 2Q%& reduced
to FesO4

3Fe03 + CO PBO4 + CO2

On descending below, where temperature is around 1100 34Fes
reduced to FeO:

Fe304 + CO —3FeO0 +CO

Near the middle of the furnace at a temperature of dr®86a0 K, FeO is
reduced to iron:

FeO + CO —5e+ Q0

In this region, lime stone decomposes to form CaO and@XQ then
reacts with SiQ, Al203 and RIO10to form liquid slag:

CaC@——» CaO+CQ
CaO + Si® —CasiC3

CaO + MO3—>  Ca(Al02)2

6Ca0 + FO10—— 2CaB(PM)2
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Iron produced is in the solid state up to this temperatuieptirous and

iIs known as spongy iron. But as the spongy iron drops down further
through the hotter portions of the finance, where teatpes is around
1600 K, it melts, absorbs some carbon, phosphorus,wsulgihcon and
manganese, and collects at the bottom of the furri@&lag. being lighter
floats on top of the molten iron. The molten iron withdnafrom the
furnace is known agig iron. The molten pig iron can be poured into
moulds to produceast iron.

Composition of pig iron or cast iron varies widely, batan the average,

it contains 92-95% Fe, 3-4.5% C, 1-4% Si, 0.1-2% P, 0.2-1.5% Mn and
0.05-0.1% S. Cast iron melts at 1473 K. Due to the presence of
impurities, cast iron is hard and brittle. It is so hdraf it cannot be
welded and it is so brittle that it cannot be shaped intwles by
hammering, pressing or rolling. Cast iron is quiteaghand is used for
making drain pipes, fire-grates, railway sleepers, tasalamp posts
etc., where economy is more important than strength.

Wrought iron is the purest form of iron containing 0.1P506 carbon
and impurities of Si, P, S and Mn not more than 0.3% flirepared by
heating pig iron in a reverberatory furnace lined with hratém
Haematite oxidises C, Si, P, S and Mn to CO,25ip0O5, SO and
MnO, respectively. Thus, MNO combines with i@ form a slag of
MnSiO3 and so does B©3 with P205 to give a slag of FePOWrought
iron is soft and malleable but very tough. It can be gagdlded and
forged. Its melting point is 1773 K and is resistant toaon. It is used
to make anchors, wires, bolls, chains and agricultomalements. Owing
to its high cost it has been replaced by steel.

3.2.4 Nickel
Nickel is the twenty-second most abundant elemenaneiarth’'s crust.

Nickel occurs in combination with sulphur arsenic and amntyno
Important ores of nickel are:

Pentlandite — a nickel and iron sulphide, (Ni,y5g)containing
about 1.5% nickel. It is found mainly in Sudbury, Canada. This
is also called Sudbumgre.

. Garnierite — a double silicate of ckel and
magnesium, (Ni,Mg)5,,0,¢(OH)g containing up to 8% nickel.
. Pyrrhotite — an iron mineral, k&n+1, also contains 3-5% nickel.

. Kupfer nickel, NiAs.
. Nickel glance, NiAsS.
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Pentlandite is the principal ore of nickel. The metgy of nickel
involves several complicated steps but the basic ptendgpto change
nickel suphide to nickel oxide and then reduce it with watet@aet the
metal.

Pentlandite ore is crushed and subjected to froth floatatiocess. The
concentrated ore, which consists of FeS, NIiS and Gu$pasted In
excess air. The FeS is converted into FeO, whereaaMNiSuS remain
unchanged. The uncombined sulphur, if present, is also axithse(.

2FeS + 3Q — 2FeO + 25Q
S+ — SO

The roasted mass is mixed with silica, lime stone akd aad is smelted
in a blast furnace. Thus, FeO combines with 510 give FeSi@ and

CaO formed by decomposition of lime stone reacts withssxoé SiQ®
to form CaSi@. CaSi( and FeSi@ both form slag, which being lighter
floats on the molten mass:

CaCQ3 » CaO+CQ
CaO + SIQ — CaSiG8
FeO + Si®@ — > FeSi(8

The slag is continuously removed. Molten mass now awmtianpure
sulphides of nickel and copper and some iron sulphide caléte. This

Is heated in a Bessemer converter, which is fitted witares for passing
hot air in controlled manner. The remaining iron sulpsdeonverted to
iron oxide which is slagged off as Fe3iOThe bessemerised matte
consisting of NiS and CuS is roasted again to convdph®ies into
oxides.

2NiS + 3O — 5 2NiO+2SQ@

2CuS + 3Q —26u0 + 28D

The mixture of oxides is treated with sulphuric aci@%@ K, when CuO
dissolves to give CuSQOwhile NiO remains unaffected. Residue of NiO
is dried and reduced with water gas to give crude nickel:

2NiO + H2 + CO —PNi+PD+ CO2

Crude nickel containing iron and copper as impurities is pdrtfly Mond
process.

141



CHM 303 MODULE 4

3.2.5 Copper

Copper is found in both the native as well as the comlsiad. Native
copper is found in USA, Mexico, USSR and China. Native cojgper
99.9% pure, but it is only a minor source of the metal. énctbmbined
state, copper is found mainly as the suphide, oxide or watboore.
Copper occurs as sulphide in chalcopyrites or copper pydtds 2 and

in chalcocite or copper glance, €21 The oxide oresf copper are
cuprite or Ruby copper, @@ and malachite, Cu(OE)CuCQCs.

Copper pyrites is the main ore of copper. Workable depokitepper
ore occur in Khetri copper belt in Rajasthan and MosabanRaktha
mines in Bihaf. For extraction of copper, the sulphideéscencentrated
by froth floatation process and is then roasted in air 8beme sulphur is
removed as S@

2CuFege+02—> Cu2S + 2FeS + SQ@

The mixture of CeS and FeS thus obtained is subjected to smelting
with coke and silica in a blast furnace. FeS is chanmggedReO, which
reacts with SiQ and is slagged off as FeS0O

2FeS+3Q——* 2FeO + 25Q
2FeC+Si—> FeSiC8

The molten mixture of Q26 and remaining FeS (little) is knownraatte
This is transferred to Bessemer converter (Fig. 5.10pdridst of hot air
mixed with silica is blown through the molten mass. As aulte
residual FeS is converted into a slag of F&a@d C@S is reduced to
copper. The supply of air is so adjusted that about twdstlaif CpS is
converted into CpO. The two then react together to give copper metal.
The extra step involving reduction with carbonhas avoided:

(’

Fig. 5.10: A Bessemer converter

2FeS+30> 2FeO + 25Q
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FeO + SI® —— FeSi(8
2CwS + 3@ — 2Cw0 + 2SO

2Cp0 + CpS—* 6Cu + S

The copper thus obtained is called blister copper as bulifles
escaping S@ during cooling give it a blister like appearance. Blister
copper is about 99.0% pure and is used as such for many purposes. If
required, it can be further purified electrolytically asalié®d in the
preceding section.

3.3 Alloys

Metals have a property of combining with other metal$oton alloys.
An alloy may be defined as a solid which is formed by a combmaff
two or more metallic elements with some specific propestreich are
not found in the constituent elements. Most alloys are solidisos.
For example, brass an alloy of copper and zinc is @ solution of
zinc in copper. In brass, some of the copper atoms ofckwcied cubic
lattice are randomly replaced by zinc atoms.

Similarly, bronze an alloy of copper and tin is a solidlison of tin in
copper. But not all alloys are solid solutions. Someyall such as
bismuth-cadmium alloys are heterogeneous mixturesasomg tiny
crystals of the constituent metals. Others such as uggGre
intermetallic compounds which contain metals combined innitef
proportions.

The purpose of making alloys is to impart certain desirptdperties to
a metal. For example, gold is too soft for making jésvgl Therefore,
to make it hard, itis alloyed with copper. Solder, anyadif tin and lead,
has a melting point lower than that of both of itshnstdguents. Pure
iron is soft, ductile and itis easily corroded. StainEsel, an alloy of
iron, chromium, nickel and carbon is tough, hard and higgdystant to
corrosion. Compositions and uses of some impoghwys are given in
Table 5.2

A solid solution Is a solution in which a solid, liquid or gadissolved In]
a solid.

Table 5.2: Composition, specific properties and uses of sem
important alloys
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Name
195 EOTIRaY

i Brass

Bronze

Aluminium bronze
Phosphor bronze

German silver or nickel
silver

Ciun metal

Monel metal

Constantan

Composition

Specific properties Uses
(2) (3) (4)
Cu=060—_80%, Hard, malleable and Utensils, cartridges,
Zn=20—40% ductile, can be moulded condenser tubes.
Cu=75—90%, Hard, brittle, resistant to Utensils, coins, statues,
Zn=10—25% corrosion, can take high jewellery.

polish
Cu=88—90%, Golden colour, resistant to  Utensils, coins, jewellery
Al=10—12% corrosion

Cu=85%, Sn=13% P=2%

Cu=50%, Zn=30%, Ni=20%

Cu=88%, Sn=10%, Zn=2%

Ni=65—70%,
Cu=25—30%,
Fe & Mn=2-3%

Cu=60%, Ni=40%

Name
W

Composition
(2)

Nichrome

Duralumin

Magnalium

Stainless steel

Alnico steel

N1=38—062%.
Cr=8-—14%.
Fe=23—26%.
C=0.2— 1%

Mn, Zn and Si0,=0.5—2%

Al=95%,
Cu=4%,
Mg=0.5%,
Mn=0.5%

Al=90—98%,
Mg=2—10%

Fe=68—72%,
Cr=17—19%,
Ni=8—10%,
Mn=2.0%.
Si=1.0%

Fe=50%.
Al=20%,
Ni=20%
Co=10%

Specific properties

Very hard, elastic, resistant
to wear and corrosion

White shining, malleable
and ductile, resistant to
corrosion

Very hard and strong.
resistant to corrosion

Resistant to corrosion and
chemicals, high tensile
strength

High electrical resistance

PR

Bearings, valves, gears,
suspension wire.

Utensils, statues,
ornaments

Gun barrels, gears,
bearings, machine parts.
Alkali industry,
resistance wires,
automobile engine parts.

Resistance boxes,
thermo-couples.

b [

Uses

(4)

High electrical resistance

Light. tough, high tensile
strength, resistant to
corrosion

Light, tough, high tensile
strength, can be machined

casily, resistant to corrosion

Hard, ductile and highly
resistant to corrosion

Ferromagnetic

Resistance wire for
clectrical furnaces.

Aircrail parts, pressure
coukers, etc.

Aircraft, bus and truck
body, hand tools, balance
beams. furniture, etc.

Utensils, transportation
equiprent, chemical and
petrochemical equipment
etc.

Permanent magnets

SELF-ASSESSMENT EXERCISE

I. Write the chemical equations for:

il. Iron cannot be extracted commercially by thermite reduction

process because

iii. Which of the following are not the byproducts of the extraction of

iron?

iv. Electrorefining can be used to purify which of the following

metal(s)?
V. Which of the following can be regarded as an ore of both Ca and

Mg?

Vi. Which of the following is the raw material for the Bessemer
converter?

vii.  Which of the following is correct about alloy?
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4.0 CONCLUSION

After removal of the gangue from metal ores, the metaarified by
extraction process. This involves reduction of metal compounds to free
metal atoms. Metallurgical processes such as pyrometallurgy,
hydrometallurgy or electrometallurgy can be used for separationtalsme
from their ores based on the reactivity of the metal. In ordetein very

pure metals, the products obtained from the above processes can be
further purified by other metallurgical processes which involves,zone
refining, electrolysis, park process etc.

Alloy is a homogeneous metallic material consisting of two oreha
metals as a solid solution. The material can be given desoedres.

5.0 SUMMARY

Let us summarise what we have learnt in this unit.

o The metals obtained by the above metallurgical processede
further purified by liquation, electrolysis, distillatiozgne refining,
Parke process, Van Arkel de Boer process and Mond process.

o Titanium, chromium, iron, nickel and copper can be isaldtom
iimenite, chromite, haematite, pentlandite and coppwrtes,
respectively.

. Metals have a special property of combining with othetafeeio
form alloys. Alloys can be given desired properties.

6.0 TUTOR-MARKED ASSIGNMENT

1. Describe zone refining method for purification of metals.im@r
allowed: 10 methods)
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