CHAPTER 19
CARBON AND SILICON

(The Elements of Group V)

The elements of Group IV are divided into two sub-groups as discussed in
connection with the periodic classifications. Carbon and silicon are the two non-
metals in Group IV and along with the metals germanium, tin and lead they are
placed in Group IVA. The Group IVB are metals—titanium, zirconium and
hafnium to which sometimes thorium is included. But Th is now gencrally
placed in the Actinide serics of clements. Thus the Group IV elements may be
divided into A and B sub-groups as,

Group IV A Group IV B

C —Carbon

S1 — Silicon Ti — Titanium
Ge — Germanium Zr — Zirconium
Sn — Tin Hf — Hafnium
Pb —Llead

The Group IV clements lie in the middle positions between alkali metals
and halogens since each one has 4 valence electrons, i. ¢., 4 more ¢lectrons than
the preceding inert gas and 4 fewer electrons than the/ succeeding inert gas. The
carbon group may be rcgarded as a transition group linking metals and non-
metals due to their symmetrical placements in the Periodic Table. But if we
remember the relative electronegativity of the carbon group elements (IVA) and
knowing that elements having similar power of attracting clectrons 1o
themselves lie on the "diagonal lines,” the difference in chemical behaviour of
the group as a whole can be understood. The diagonal relationships between B
and Si have been discussed in the previous chapier.
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Electronic Structure
The electronic structures of Group IVA clements are given in Table 19.1

Table 19.1. Electronic structure of Group IVA elements,

Al. No.  Elements Liectron configuration Valence
elecirons
6 C He core, 252 2p? 2s82p?
14 Si Ne core, 352 3p? 3stp?
32 Ge Ar core, 340 4g2qp? 4s24p?
50 Sn Kr core, 4d'0 542552 5s25p?
82 Ph - Xe core, «‘I[lqﬁdmn"ﬁ?ﬁpz fﬁ?l‘\pi

Thus the outermost orbitals of cach clement from C 10 Pb contain s°p?
clectrons. But the members of Group IVB clements— Ti, Zr and HI have quite
different clectron arrangements as given in Table 19.2.

Table 19.2. Electronic structures of Group 1VB elements.

At No. Elemenis  Electron configuration Valence
elecirong
22 Ti Ar core, 3d? 452 32 452
40 Zr Kr core, 4d? 552 4d? 542
72 Hf Xe core, 411 542 642 Sid? w2

Thus the outermost orbitals in the titanium group of clements have s2
clectrons and the previous orbitals have the configurations s?p®d2. In effect, the d
level contains 2 clectrons givieg the valence shell clectrons as d22, These
arrangements are quile different from the carbon group clements and hence the
chemistry is widely different, although the valence electrons remain 4 in both the
groups but arc of different types.

Before discussing the trends within the series and the gradation of the
propertics of sub-group IVA, a list of physical properties are given. This gives
an idea regarding the comparative chemistry with respect W the treatment of the
actual dita.

The Physical Properties

Some of the imporant physical properties are given in Table 193

{(a & b).




448 [NTRODUCTION TO MODERN INORGANIC CHEMISTRY

Table 19.3(a). Physical properties of Group IVA elements.

Properties € Si Ge Sn Ph
Atomic No. 6 14 32 50 82
Atomic wL 12.00 28.06 72.6 118.7 207.2
Outer electron
orbitals 252 2p? 352 3p? 4s2 4pt 5s? 5p? 652 6p?
Atomicradius (A) .77 1.17 1.22 1.40 1.75
lonic radius,
M4(A) 015 0.41 0.53 0.7 0.84
lonization
potential (ev) (M7) 11.26 8.15 B.13 132 7.42
Density g/em? 3.50 233 5.36 7.31 11.34
2.25
Melung point °C 3600 1414 959 232 328
Boiling point °C 4830 2355 2700 2362 1755
Oxidation potential
v) = §i/Si*2 = Sn/Sn*2  Ph/Pb*?
+ 1.2 + (.14 +0.12
Electronegativily 2.50 1.0 2.00 1.70 1.60

Table 19.3(b). Physical properties of Group IVB elements.

Properties ni s 1y
Atomic No. 22 40 T2
Atomic wL 47.90 91.20 178.60
Outer electron orbilals 3d%4s? 442552 Sd26s?
Atomic radivs (A) 1.46 1.57 1.57
Tonic radius, M*4 (A) 0.68 0.80 0.79
Ionization potential 0.68 0.80 —
(ev) (M*)
Density gfem’ 4.50 6.40 11.40
Melting point °C 1800 1700 1700
Boiling point °C 3000 2900 3200
Oxidation potential (v) TYTi*4 Zrfltt Hi/HM
+ 1.0 +1.53 +1.70

Electronegativily 1.32 1.22 1.23
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Group properties of IVA elements (Carbon Group) : The
COMMON Properucs are :-

(1) Except carbon and silicon, all othcr membcers are mctals. The two
representative clements, C and Si, predominale our environment since our
animal and vegetable domains are made up primarily of compounds containing
C—C bonds whereas the carth’s crust and the minerals consist primarily of
compounds containing Si—O bonds.

(2) Elementary Si, Ge and Sn have structures analogous o diamond (C)
having crystal coordination number 4, The atom-1o-atom bonds are covalent
tetrahiedral as in diamond. Pb s more metallic and has a cubic structure. The
transition from purely covalent to metallic bonding 15 reflected in the sharp
decrease in the m. p. from 3600°C for C 10 abowt 300°C Tor Pb, Tias decrease 18

attributed 1o the decrease 1n electrostatic atraction with the increase in sizc.

(3) The +4 oxidation states formed duc 1o the removal of §2p? clectrons
appear o be a characteristic property of this group. The +4 state is normally
reflected in MO but itis rather ditficult 1o achicve an onic state of +34. Even the
ions Sn*® and Ph™ are not so common. But Sn*2 and Phr? are quite stable 1ons,
As the atomic number increases from C 1o Ph having the outermost clectrons
$2p?, the two s clectrons gradually become “inert pair” because of the stable stae
of d's2 and do not tike part in chemical bonding. Carbon and silicon do not have
the inert 2 pair of clectrons. The decrease in the oxidation potentials of the
system M2 1o M* also points o the same leature that among higher member
the +4 state is rather difficult o achieve

Ge'2 = GeO, — .3 volt
$nCl, % - SnCl, — = 0.1 voh
Pb*2 - PhO), — - L5 volis

(1) Allotropie modificatons are more prominent in the cases of Cand Sn.

(5) Carbon 1s a unigue clement because ol the remarkable property ol
combining with atsell o form chains and nngs (4 process hnown as
“catenation™). Silicon is also 4 unique clement i so lar as the lonmatio! ol
Sy- O bonds is concerned. P s another unigue member Becdiuse it s e end

product of the disintegraton of niany natural radio-clements,

-39
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{(6) S1 does not conduct electricity at normal temperature but at higher
temperature its conductivity increases. This property is quite unlike metallic
behaviour. Silicon is, therefore, called a semiconductor,

(7) Germanium is a scarce element and a semiconductor,

Comparison of Carbon Group (IVA) and Titanium Group (1VB)

(1) Elements of carbon group arc non-transition clements whereas those of
Utanium group are transition clements with incomplete d level and show variable
oxidation states in most of the compounds, The valence shell of carbon group
contains s’p? clectron whereas the titanium group contains d2? clectrons.

(2) The titanium group clements are tough metals and have very high melting
and boiling points. Carbon group clements present a different picture, the
melung point ranging from about 3600°C to about 300°C

(3) The oxides of carbon group clements are acidic although the acidic nature
decreases from C to Pb. But the oxides of titanium group appear o be
amphoteric. These characteristics are connected with the ionic sizes of the
varous atoms in the group,

Comparison of Carbon and Silicon : Because of the peculiar
charactenstics of C and Si, comparison of the chemistry of these two clements
are made according o the points mentioned below —

(1) Carbon and silicon are both clements of sub-group IVA and have s’p?
clectrons in the outermost orbitals which govern their chemical behaviour
almost in similar fashion. The difference arises duc to the differences in atomic
and 1onic sizes which are important factors for the chemical propentics.

C—152 22 2p2 Si—152 252 2p% 357 3p?

In Si the 3d orbitals are available for placement of electrons if needed.

(2) Carbon 1s abundantly found in nature both in the animal and vegetable
kingdoms and also in carbonate minerals as well as in the free state as coal.
Silicon is most abundant n silicate minerals and as silica and rocks. Thus C—C
bonds give rise 1o a vast number of compounds whilst Si—O bonds produce a
Large number of silicate structures.
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(3) The common oxides of C and Si are CO; and Si0; and although onc is a
gas and the other a tough solid both have acid properties producing H,CO5 and
H,Si0;. The difference in propertics is because CO; occur as isolated molecule
whereas Si0;, has polymeric molecule having 3-dimensional structure.

(4) C and Si form hydrides, halidcs and other similar compounds. Thus,

cCl, SiCly CHy SiHy CiHg SipHg

The propertics of these compounds differ and the silicon compounds are casily
hydrolysed because Si has tendency to form Si—O bonds. Hydrogen compounds
of C are stable due to complete saturation of electron orbitals of C forming
tetrahedral bonds,

(5) Carbon compounds cxhibit the phenomenon of isomerism while it is not
so pronounced in silicon compounds and, as a matter of fact, in all other
clements this 1s a rare phenomenon,

(6) C has maximum covalency of 4 whercas in the case of Si it can expand 10
6. This is because of the availability of d orbitals in the case of Si.

(7) In general, compounds of C are quite stable but most silicon compounds,
except silicates and polymers, arc unstable and are decomposed readily. Thus
H,CO; is stable in acids whercas HySi05 is decomposed to S10,.

Comparison of Silicon and Tin : Silicon has some resemblance with
tin. In bricf, the following points may be noted :—

(1) Both Si and Sn have s2p? electron arrangement but the two s? clectrons in
Sn also act as inert pair giving Sn*? and also Sn**, whercas Si is only
tetravalent.

Si(14) — 152 252 2p% 352 3p?

Sn (50)—1s? 252 2pb® 352 3pb 3d!0 4s2 4p% 4d!0 552 Sp?

(2) Si is non-metal whereas Sn is metallic.

(3) Both SiCly and SnCly are fuming liquids and are hydrolyscd in watcr
piving H,S8i04 and H,Sn0,.

(4) Si-halides and Sn-halides have low melting and boiling points.

(5) SiHg and SnH, arc formed casily and are gasces.
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(6) SiF4 and SnF give double flourides with alkali fluorides. Thus Na,SiF,
and Na;SnFq,

(7y Silicates and stannates are stable compounds. Meta-silicates and meta-
stannates are morce stable.

(8) Common salts of silicon, such as nitrates, sulphates cle. arc not formed;
but Sn gives such compounds.

(7) Sn gives more stable compounds of +2 states as SnCly but Si does not.

Inorganic Chemistry of Carbon

The bondings system in the atom of carbon has alrcady been discussed
carlicr. The four equivalent bonds of carbon are homopolar in natare involving
sp? hybrid orbitals and give rise 1o the cnormous numbers of compounds, which
arc the basis of organic chemistry. Some compounds, such as oxides, carbides,
cyanides, carbonyls cle. are, however, included in inorganic chemistry as a mauer
of custom,

Occurrence of carbon : (1) Carbon occurs free in nature in th 2 frrm of
diamond and graphite. (2) In the combined state it is found in neural gas,
petroleum, coal, plants, animals and some minerals, such as limesione ¢ (3) C
is also found 1n air as CO,. (4) In water it occurs as dissolved H,.CO ., soluble
carbonates and bicarbonates.

Graphite and Diamond : These are the two allotropic modifications of
C and are giant molecules. Diamond contains the carbor atams linked together
in tetrahedral positions so that each carbon, in turn, is surrounded by four other
carbon aloms (coordination No. 4) in a three-dimensional pattern. In effect, in
diamond crystal cach carbon uses sp* hybrid orbitals like that of CH, to produce
a three-dimensional lattice. In graphite the polymer consists of sheets of carbon
atoms, cach sheet separated from the other by a distance of about 34A. The
carbon atoms in the graphite may be regarded as fused systems of benzene rings,
cach carbon atom being surrounded by 3 other carbon atoms using sp? hybrid
orbitals. In this system cach C is bonded 10 the other two by single covalent
bond and 1o third by double bond which is of the resonating type. Thus carbon
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atoms are bonded in the graphite structure in the form of layers of hexagons. The
illustration in Fig. 19—1 cxplains the two structures involving sp? and sp?
bonding systems in diamond and graphite respectively.

D--—---
«*

Diamond (Gmphnc

Crystal structure of diamond. Black  Crystal structure of graphite. The layers of
spheres represent carbon held together carbon held by weak valence bond
by tetrahedral arrangement. (van der Waal's forces).

Fig. 19—1. Atomic arrangement of carbon in diamond and graphite.
Properties of Diamond and Graphite

Diamond is brittle but the hardest substance known. It is a good conductor
of heat but not of clectricity because of the electron saturated bonds. Diamond is
transformed to graphite by hcating at 1000°C. It is extremcly incrt to all
chemicals at the ordinary conditions. Because the C—C bonds in diamond are
very strong and extend throughout the crystal in three-dimensions, it is hard and
has a high melting point of about 3600°C.

Graphite, also known as Plumbago, is a soft, grey solid having metallic
lustre and slippery to touch. Graphite is a good conductor of clectricity and is
used as electrodes. The softness and electrical conductivity of graphite is in
accordance with the structure, The layers in graphite are held together by van der
Waals' forces and hence the slippery touch and softness of graphite. The graphite
sheets in which C uses sp? bonding leaves one p orbital free to contribute Lo the
mobile n clectrons which is responsible for high clectrical conductivity.

Graphite compounds are formed by the introduction of atoms or molecules
between the layers of graphite structure. Such substances as FeCly, Fp, H;SOq,
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K etc. have been inroduced in between the layers giving rise to inclusion
compounds or clathrates. The ill-defined graphitic acid, C,,H,Os, is formed when
graphile is boiled with conc. HNO;.

Charcoal, coke, carbon black and soot are amorphous or microcrystalline
forms of carbon and are all of great industrial applications.

Diamond mostly comes from mines but quite recently synthetic diamond
has been made by subjecting carbon under great pressure and high temperatures.
Graphite is also mincd but large quantitics of graphitc arc made from amorphous
carbon mixed with a little sand and Fe;N, as catalyst and heating at about
3500°C in an clectric furnace for a day or two. The carbon vapour condenses 10
produce graphite. This can also be made from petroleum, coke or anthracite coal
as the starting material :

3C + 8i0; = 2CO + SiC

SiC first formed is decomposed 1o give Si and C and silicon is volatilized

away at that temperature leaving the graphite in the solid form :
SiC = Si+C

Graphite clectrodes are mostly used in industrial clectrolysis nd also for
making pencils. Large quantitics of carbon are consumed in the maanufacture of
printing inks and hardening of automobile tyres. "Lamp black” which is actually
used in tyres is made by the controlled combustion of methane in insufTicient
supply of oxygen 10 have the rcaction :

CHy+0; = 2H,0+C
Large quantties of carbon are also used for the extraction of metals.
Oxides of carbon
Carbon dioxide, CO;, : This is the normal oxide of carbon and is
obtained by various methods. '
(1) By burning any form of carbon in excess of O, :
C+0; = COp+ 199 Kcal
(2) By burning any compound of carbon in excess of O, :
CH4 +20; = CO; + 2H,0
C;H;OH + 30, = 2CO; + 3H,0
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(3) By strong heating of carbonate minerals, such as limestone, CO; is

produced :
CaCO4 = CaO + CO,
(4) In the laboratory CO, is preparcd by the action of dilute HCl on CaCOy;:
CaCOs + 2HCl = CO, + CaCl, + H,0

(5) Fermentation process or decay of organic matter produces CO;. Thus

fermentation of glucose gives
C(,I'IIEOﬁ = 2C1“50“ * 2(:01

(6) Commercially CO; is produced by burning coke in cxcess of air. The
impure CO, containing N, and O, is passed under pressurc through a cold dilute
sodium carbonate solution which dissolves CO; but not N; and O,. Pure CO; is
obtained from the solution by just relcasing the pressure :

'CO; + Hzo = HzCO;

Properties of CO,: It is a colourless, odourless gas and acidic in natare,
It is appreciably absorbed in water and is readily liquefied. It freezes to a snow-
like solid which sublimes without melting. This is the rcason that selid CO, is
known as "dry ice” and is a good refrigerant free from liquid. Freezing mixture of
dry ice and an organic hquid, such as acetone, cther cte. produces very low
temperature (- 77°C).
The clectronic structure of CO; indicates that it is a lincar molecule having
the structures which show resonance :
wi ., o .

O3 3C2s O 203 Cs2303 032302 O

an a0 LT L]

C=C=0 0—C<O0 05C-0

Due to resonance the bonds between C and O are strong and the molecule is
quite stable towards heat. Burning Mg reduces CO; 1o pure C :
CO;+2Mg = 2MgO+C
CO; is taken up by plants in presence of chlorophyll and sunlight
synthesizing starch and other substances.



456 INTRODUCTION TO MODIRN INORGANIC CHEMISIRY

CO, dissolves in water 1o give H,CO5 which is a weak acid and most of its
metallic salts are insoluble in water, particularly the heavy metals and alkaline
carth carbonates. For this reason, these carbonates are found as mincrals in
nature. H,CO4 dissociates in water in two ways as a diprotic acid :

H,COy+ HO = H;0* + HCOy
HCO;” + H0 = H,0* + CO;72
Metal carbonates
CO, dissolves in alkali solutions forming alkali carbonates, e. g., Na,CO4
and NaHCO,. Bicarbonates of hcavy metals or alkaline carth metals are readily
soluble in water. The structure of carbonate has been discussed in the chapter on
alkali metals. The low basicitics of COy 2 and HCO;5™ do not permit formation
of carbonates of those metals which are decidedly acidic. In other words, H;CO,
is not sulficicntly acidic to form true carbonates with metal ions which are

acidic. Thus Al*3, Cr*? and Fe*? do not form truc carbonates but give basic
carbonates instead.

CO, when passed into a cold solution of Na,0,, the monopercarbonate,
Na,COy, is obuiined. Dipercarbonate is made by electrolysis of cold saturated
solution of, say, K;COy. The relationships between the carbonates and
percarbonates are shown below :

ONa 0O-ONa 0=C—0—0ONa
0=C / 0=C / T
N %
ONa ONa O=C—0—0ONa

Sodium carbonate. Sodium monopercarbonate Sodium dipercarbonate
(peroxalate)

Uses of CO, : (1) Manufacture of washing soda, Na,CO4. 10H,0 and
baking soda, NaHCO,, by Solvay process. (2) White Icad, 2PbCO,, Pb(OH),,
uscd as a pigment, (3) Soft drinks, (4) Fire extinguishers, (5) Dry ice used as
refrigerant, (6) manufacture of urca.

Carbon monoxide, CO : Carbon monoxide i1s also a very familiar
oxide of carbon and is of great technical importance. It is produced by various
methods.
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(1) By heating oxalic acid :
H;C;0, = H,0+CO, + CO
CO, is absorbed in alkali solutions.
(2) By heating heavy metal oxides with carbon :
Zn0+C = Zn+CO
(3) By hcating a carbonate with a metal
MgCO3+2Zn = ZnO + MgO + CO
(4) By passing CO, over C or Zn in the heated condition
CO,+C = 2CO
CO,+ Zn = ZnO + CO
(5) By reacting natural gas with stcam in presence of a catalyst (NiQ) :
CHy+ H0 N9 00,400, + 1,
Properties and structure of CO : Carbon monoxide is a colourless,
odourless gas, only slightly soluble in water. The structure of CO has been a

puzzle and the best Lewis structure can be given by the following formulations
representing resonances between the two forms ;

5C3: 0 $Ct:1:0:

C=0 CZ0

Unlike CO,, carbon monoxide is an active compound. CO bums in air 1o

give CO;, and heat energy. It reduces many metallic oxides 1o metals. Thus,
Cu0+CO = Cu+CO,

CO is, therefore, an important reducing agent in metallurgical operations. CO

reacts with alkalies to produce formate
CO +2(0H") == H,0 4+ HCO,™
It combines with ‘chlorinc in presence of sunlight to give COCl, (carbonyl

chloride, also known as phosgene). Phosgene is a poisonous gas. Another

interesting property of CO is that it combines with many metals to form
"metallic carbonyls". Thus Ni forms Ni(CO)4, Fe gives Fe(CO)s and Co
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produces Coy(CO)y. Both from industrial and structural points of view, the
metallic carbonyls are very important and interesting compounds. CO is
dissolved in cuprous chloride solution giving the compound :
H,0 Cl H,0
Cu \Cu"/
Vil e
oC Cl Cco

Physiological action of CO : 1t is a highly toxic gas and combincs
with the hemoglobin of the blood to form a very stable compound destroying the
ability of the blood to carry oxygen. CO inhalation causes paralysis of the
respiratory organs. This danger of CO is particularly great in the exhaust gases
of motor cars.

CO is not adsorbed by active charcoal but a mixture of CuO, MnO,, Co,04
and Ag,0, known as hopcalite, oxidizes CO 10 CO, and is used in gas masks.

A filter paper moistened with PdCl; solution is turned pink, green or black
due 1o the liberation of Pd in presence of CO. This is used as a test of CO.

Producer gas : When coke is heated in a limited supply of air, a mixture
of CO and Ny in the ratio of 1 to 3 by volume is formed. The pro-luct is known
as Producer gas. 1t is used as a cheap fucl for many industrial works :

2C + 20, = 2CO, + 54 Kcal
CO, + C = 2CO - 39 Kcal

Due to cooling down of the reaction for the second conversion, the
temperature of the reaction is keptat 1 100°C 1o cffect the complete reduction of
CO; 1o CO.

Water gas : When sieam is passcd over red-hot coke, a mixture of CO and
Hj is formed. This mixture is known as Water gas :
C + H,0 = Hy +CO - 29 Keal
A high temperature (above 1000°C) is required 1o start the reaction. Since the
reaction is endothermic the temperature soon [alls below 1000°C when CO;
begins to be produced :

C+2H,0 = 2Hy + CO, - 19 Keal



CARBON AND SILICON 459

The final condition of cquilibrium is represented by the reaction :
COJ + H] == HzO"‘ CO - 10 Kcal

Thus at low temperatures, considerable amount of CO; is formed which
lowers the calorific value of water gas. Hence devices have been developed 1o
pass sicam and air alternately over the bed of red-hot carbon 1o produce the
mixture of CO + H; in the maximum proportions. When the steam is passcd
over the red-hot coke, it is called the "run period” or "cold blow"; but due 10 fall
of temperature the passing of stcam is stopped and hot air is blown 1o raisc the
temperature above 1000°C. This period is known as the "hot blow".

Waler gas, known also as blue water gas, has a high calorific value. It is used
as a fuel in industry and as a source of hydrogen and industrial alcohol (mcthyl
alcohol) cic.

Carburetted water gas : When water gas is enriched with gaseous
hydrocarbons obtaincd by cracking petrolcum, the mixture is known as
carburetted water gas. This contains mainly H,, CO, saturated hydrocarbons and
some CO;, and Ny. This is also used as a fucl.

Semi-water gas : When a mixture of air and stcam in the right
proportions is passed over a bed of red-hot carbon the following rcactions take
place :

2C+20;, = 2CO, + 54 Kcal
C+H,0 = CO+H;-29 Kcal

Heat evolved by the combustion of carbon with oxygen present in air
maintains the temperature of water gas reaction, The resulting gascous mixture
containing mainly CO, H; and CO,, N, and some mcthanc is called Semi-warer

gas.
Coal Gas

Coal gas is manufactured from coal by heating it in a closed vessel (rctorts)
in abscnce of air. The retorts are heated by producer gas (CO and air) o a
temperature of about 1300°C. The operation of the coal gas producing plant is
continuous and highly technical.
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Purification of coal gas : The coal gas produccd after carbonization of
coal contains a number of impurities. They arc mainly NHj, H,S, CS,, HCN,
besides naphthalene and tar. The tar condenses first in water condenser and also
ammonia is scparated as ammonical liquor.

The coal gas now cnicrs the scrubber from the bottom. The scrubber is
packed with coke and a fine spray of watcr slowly trickles downwards. Thercby
all the residual NH,, CO, and some H,S and HCN arc removed. The remaining

gascous impuritics, such as CSj, H,S, and HCN are removed by passing
through purifiers containing lime and iron hydroxide. The complicated reaction
takes place and may be represented by some of the equations given below. H,S

must always be removed since it produces undesirable products and lowers the
calorific value of the coal gas

Ca(OH), + CO—— C3C03 + H,0
Ca(OH), + 2H,S ———» Ca(HS), + 2H,

Ca(”S)z + CS: — CECS3 + st
(Calcium thiocarbonate)

2Fe(OH); + 3H,S —— Fe,S3 + 6H,0
Fc,S: + HCN ——— Fey[Fe(CN)gly
NH; + HCN —— NH,CN + Hy§ ——— NH,CNS

Coal gas is a mixture of gascs containing the following :

CH,— 30%, C;Hi—~4%, CH—1%

H,—50%, CO—10%, N;—5%
Uses of coal gas : (1) Gaseous fuel. (ii) For providing incrt atmosphere.
(iii) For providing reducing atmosphere in metallurgy. (iv) Smelting.

Coke is used as a fuel and reducing agent in metallurgy.
Coal tar is uscd for extracting a vast number of organic substances.
Carbon disulphide, CS;: Carbon is oxidized by' clementary sulphur to

CS, at the temperature of clectric arc in absence of air. High temperature is
required because of the endothermic reaction :

C + 25 =CS; - 19 Kcal
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CS; is also produced commercially by burning methane in sulphur vapour at
about 700°C in presence of silica gel or activated AlLOs,.

The CS, obtained in the vapour state is condensed 10 liquid and purificd by
shaking the liquid with Hg and distilling over P,0s. CS; is a colourless liquid
with a characteristic smell and boils at 46°C.

It is poisonous and a highly inflammable quuid. It ignites in air forming SO,
and CO,. It explodes in air or NO :

2CS, + 50, = 2CO +4S0,
2C0+0, = 2C0,
Thiocarbonates are formed when CS; reacts with Nay$ or with NaOH
CS; + Na,S = Na,CS,
3CS; + 6NaOH = Na,CO; + 2Na,CS; + 3H,0

1

Similarly,
SCSZ * 6NH.10}{ (C{]nc) = 2(NH4}2C53 + mH4}2C03 + 3!{10

Thiocarbonic acid, H,CS; : This is obtained when sodium or
ammonium thiocarbonate, (NH,);CSs, is added to excess of cone. HCL. This is a
bright red liquid :

(N Hq)zCS] + ZHCI = H2C53 + 2NH4C]

Thiocarbonyl chloride is formed when CS; reacts with PClg

Cl

= d

PCIS + CS:—‘-‘—b S= C\ + PSCIj
Cl

CS, is a good solvent for oils, fats, sulphur, phosphorus, iodine, rubber clc.
It is used in making rayon, ccllophane and CCl;. When Cl, is passed inwo CS,
containing iodine or SbCls (catalyst), CCly is obtained. The process is used for
the manufacture of CCl,
CS; + 3Cl, = CCly + S,Cl,

Metal Carbides : Carbon combincs with many metals to produce
carbides. These are produced cither by the direct reaction of metals with carbon or
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by heating the oxide of the metal with carbon at high temperatures. Some of
these carbides have very high melting points, such as, TaC—4400°C. Thus,

2Li+2C — Li)G;
4Al + 3C - AlLG,
BaO + 3C — BaC,; + CO
Most of the metal carbides with water give C;H, by hydrolysis of C; 2 ion :
Na,C, + 2H,0 — NaOH + C,H,
Only Al,C; and Be,C give CH, on hydrolysis with H,0 :
Be,C + H,0 — Be(OH), + CH,
Calcium carbide, CaCy, is an important commercial product. CaCj is
manufactured by heating CaO and coke in an clectric arc furnace :
Ca0 + 3C = CaC,+ CO

CaC, is an ionic compound containing Ca*? and C;72 ions. It is hydrolysed
in water readily giving acetylene, C,H,, which is the starting material of a very
large number of products :

CHCI + 2"{20 = Cﬂ(ol l)z + Csz
CaC, is also used to make calcium cyanamide, CaCN,.

Calcium cyanamide, CaCN, : When nitrogen (air) is passed over CaC,
mixed with some CaCl, at a temperature of about 1100°C, Nais taken up by
CaC, forming CaCN, and liberating C :

CaC,;+ N, = CaCN, +C

The mixture CaCN, and C is known as Nitrolime and is used as a fertilizer
and for production of NH; by the hydrolysis of CaCN, :

CaCN, + 3H;0——» CaCO; + 2NH,

Cyanogen, C;N, : This colourless gas is obtained by various methods :
(1) Cyanides of Ag, Au and Hg give C;N, :

ZAgCN =3 ZAg = CzN‘}_
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(2) When Hg(CN), is heated with HgCl,. Thus,
IIS(CN)I + Hgfﬂz =¥ CzNz + H}_.‘,;Clz
(3) When CuSO, solution is treated with KCN, C,N, is evolved. The method is
analogous to the liberation of 1, from KI when it is added to CuSO, solution
2CI.ISO4 + 4KCN = QKQS(L‘ + 2CuCN + CQNI
Cyanogen is a poisonous gas, burns with blue flame and it is hydrolysed by
water
C;Nz +H1() = HOCN + HCN
With KOH it gives KCN and KCNO :
C;NJ +2KOH = KCN + KCNO + HJO
In acid aqueous solution C;N; gives oxamide :
CzNz + “20 ] (CON”;)Z
C;N; on reduction with hydrogen gives NH;—CH,—CH,—NH, (cthylene
diaminc). Hence, C;N; has a lincar structure,
N=C—C=N
or
«Nis i CIEIRING

Hydrogen cyanide, HCN : This poisonous, almond smelling gas is
formed when a cyanide is heated with an acid :

NaCN + HC1 = NaCl + HCN

HCN in waler solution gives a weak acid, hydrocyanic acid. The alkali metal

salts of this weak acid in aqucous solution are alkaline by hydrolysis :

HCN + H,0 —» H;0* +CN~

CN~™+ H,0 - .HCN + OH™
HCN is a poisonous substance, 0.05 g. is sufficient 1o kill a man because it
casily combines with iron in the blood and enzymes, CN™ ion has all the
properties of halide ions and hence C;N; is somctimes referred to as
pseudohalogen. HCN has the following structure :

H—C=N
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Cyanates, CNO~ ; When C;N, is passed through alkali solutions, it
gives cyanates and cyanides, just as chlorine gives hypochloride and chloride :

C,N; + 2NaOH = NaCNO + NaCN + H,0
KCNO is formed when KCN is heated with PbO or MnO; :
KCN + PbO = KCNO + Pb
HCNO is unstable and is decomposed by water 1o NHy and CO;
NaCNO + HCl = HCNO + NaCl

|l+ H,0
NH; + CO;,
Concentrated solution of NH,CI gives NH,CNO with KCNO :
KCNO + NH,Cl = NH,CNU + KCl
NH,CNO, on hcating, gives urca, NH,—CO—NH,.

Thiocyanates, CNS™ : These are obtaincd when a cyanide is melted with
S. Thus,
KCN +§ = KCNS

When (NH,),S is treated with HCN, ammonium thiocyanate is obtained :
(NH.),S + HCN — NH,CNS + NH,SH

Free HCNS is obtained by treating Ba(CNS); with dil. H,S0, :
Ba(CNS), + HySOs = BaSO, + 2HCNS

With ferric salt solutions thiocyanates give the blood-red colour which is a
familiar test for Fe*? jon :
INH.CNS + FeCly = Fe(CNS); + 3NH,C1
It will be intcresting 1o note that CO,, cyanate CNO™ and cyanamide
CN;2, are isoclectronic and have similar structures
O=C=0 [B=C=N]JT [N=C=NJ?
The ions are casily hydrolysed to give CO, and NH,* ion.
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The relationship between the structures of CIm, CN™ and CNS™ ions may
be illustrated as follows :

:E?:is [:Elz]-
N5 Co [:NEEC: ]_
iN: C2 S [sNEECs.gs]_

SILICON

Organic substances containing C—C bonds are dominant in animal and
vegelable worlds. Substances containing Si—O—Si bonds are of great
importance in the mincral world. The carth’s crust is primarily made of clay and
silicate mincrals which have Si—O—Si bonds arranged in chains, layers and
network having Si0y tetrahedron as the unit of structure.

Occurrence : Silicon is never found in the free state, Si0, and various
compounds known as silicates constilute about 86% ol' the carth's crust. Silicon
is about 26%. Silicon is, thercfore, next to oxygen in abundance. Silica, SiO,,
occurs in many forms, such as sand, sandslonc, quartz, agate, flint eic. The
various silicate mincrals have been described in their proper places.

Preparation of Silicon : Silicon has bcen prepared both in the
crystalline and amorphous forms. Both the forms appear to have the same atomic
arrangement in the crystals and have somewhat diamond-like structurcs. Ex®h
silicon is covalently bonded to four adjacent silicon atoms at the corners of
regular tetrahedron and this is extended in three dimensional nciwork giving a
giant molecule. Silicon is, thercfore, hard and briule.

Silicon is obtained when SiCly is reduced by sodium :

SiCl; + 4Na = Si+ 4NaCl

By the action of magnesium on SiO; at high temperature, amorphous
silicon is obtained :
Si0; + 2Mg = Si+ 2MgO

—30



466 INTRODUCTION TO MODERN INORGANIC CHIEMISTRY

In this reaction some magnesium silicide is also formed :
Si0; + 4Mg = Mg,Si + 2MgO

The Mg,Si and MgO are dissolved in HCI giving amorphous brown powder
of silicon. Crystalline silicon is obtained by heating K;SiFg with Al in iron
tubes :

3K,SiFg + 4Al = 6KF + 4AlF, + 3Si

K,S81F; when heated with Zn and the product dissolved in HCI, necdle-
shaped crystalline adamantine silicon is obtained :

K;SiF¢ + 2Zn = 2KF + 2ZnF; + Si

Uses of Si : (1) For making acid resisting steels. (2) Making ferrosilicon,
a strong rcducing agent. (3) Pure silicon is used as transistors and microchips in
clectronics.

Some Important Compounds of Silicon

Silicon hydrides : Silicon forms a scrics of hydnides as in the case of
carbon but only in limited number. Some of these are SiH,, SijHg, SiyHg,
SizHyp, SisHyz and SigH 4. The chemical propertics of these silicon hydrides are
quite diffcrent from those of the hydrocarbons.

SiHy, silanc or silicomethanc, is prepared when Mg,Si reacts with dil, HCI :
Mg,Si + 4HCl = 2MgCl, + SiH,
SiHg is also obtaincd when SiCly is reduced with LiAIH, in cther solution ;
5iCly + LiAlH; = SiH4 + LiCl + AICl;

SizHg, disilane (silicocthane) is obtained by treating lithium silicide with
HCI :
LigSiy + 6HCl = 6LICl + Si;Hg

SiHg is a colourless gas and Si;Hy is a colourless liquid. All the silanes are
spontancously inflammablc in air forming $10, and water :

SiHg + 20, = Si0, + 2H,0
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Silanes are casily hydrolysed forming SiO; and H,. Alkali solutions give the
alkali silicates, M,SiO; and H, and all silancs arc very sensitive 1o the reactions
with alkalics. '

The rcactivity of silancs as compared to the hydrocarbons is the weakness of
Si—H and Si—Si bonds. H,0 or O, is casily accommodated by Si atom because
of the cxpansion of the coordination number due to the availability of d orbitals
in Si atomn.

Silicon compounds having the corresponding formula of carbon compounds
arc also known, such as, silicochloroform, SiHCly, obtained by siepwisc
halogenation of silane by HCl in presence of AICl; as a catalyst :

AlCI
SiH4 + HCl ——2 SiH;Cl + H,
SiH;Cl + HCl————— SiH,Cl; + H,
SleC]z + HCl ——» SI“CI:} + l{z
SiHCly + HCl——— SiCly + H,

Silicon halides : Silicon gives tewrahalides, SiXs, and also some mixed
halides, such as SiCl;F,. ;

Silicon tetrachloride : SiCl, can be prepared by direct chlorination of
silicon at high wmperature or by dircct chlorination of a mixture of Si0; and
carbon :

Si + 21,
§i05+2C 4201,

SiCly
SiCl, + 2CO

L}

SiCl, is a colourlcss liquid, boiling point S8°C. This produces dense fumes
in moist air due to the formation of fincly divided silicic acid in moist air :
SiCls + 41,0 = HySiO4 + 4HCI
During war the smoke screen is produced by liberating NHy and SiCly at the

same time. The density of the smoke is increased duc to the formation of solid
NH.CL

SiCl, is readily attacked by H,0, but CCl, is not.
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Silicon tetrafluoride, SiF,, is made by spontancous burning of silicon in
fuorine or by the action of HF on SiO, or a silicate :

Si+2F, = SiF,
SiO; + 4HF = SiF, + 2H,0
CaSi0, + 6HF = CaF, + SiF, + 3H,0
SiFy4 is a gas and is hydrolysed in water forming hydrofluorosilicic acid as
well as orthosilicic acid :
3SiF4 + 4H,0 = H,SiO4 + 2H,SiF,
Fluorosilicic acid is also obtained by the action of HF on sand :
810, + 6HF = H,SiFg + 2H,0
Fluorosilicic acid is a stronger acid than sulphuric acid and it is a fuming
liquid. On evaporation it breaks up to produce HF and SiF, :
H,SiFs = 2HF + SiF,
Hydrolysis of SiXy or the group IV metal halides, MX,, in general proceeds
N WO Manners i—-
(1) Simple hydrolysis gives HX and M(OH)4 or MO, :
SiF, + 4H,0 = Si(OH), + 4HF

This occurs if the ratio of covalent radii 1 is small (1.2).

rX
(M =metal, X = halogen )
(2) When the ratio of covalent radii, rr% is larger than 1.2, then the

hydrolysis becomes complex forming complex ion, such as [MX(H,0)q ]
and ultimately forming H;0* ion and their conjugate bases. The acidity of the
solution is increased. Some of the complex ions are SiFg 2, SnBry(H,0),*2.

Silicic acids and silica gel : When a strong mineral acid-is added to a
solution of an alkali metal silicate, this results in the formation of orthosilicic
acid :

Na,SiO4 + 4HCl = H,Si0, + 4NaCl
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H,Si0, remains in a colloidal solution but after some time it is precipitated
out as a gelatinous mass. A mixture of sodium silicatc and ammonium chloride
also gives the colloidal solution or a gelatinous precipitate. The gelatinous mass
is separatcd from other ions by dialysis. '

Orthosilicic acid on stepwise dchydration by heating gives metasilicic acid,
H,Si0,, disilicic acid, HgSi;04, and "trisilicic acid". On complete dehydration,
$i0; is formed.

Silica gel is obtaincd by the dchydration of silicic acid to form silica
containing a very small percentage of moisture. The silica gel has open and
porous structure with large surface arca and is used for absorption of gascs and
moisture and as a catalyst in chemical reaction,

Silicon carbide, SiC (Carborundum) : This is obtaincd on a large
scale by heating a mixture of sand and coke in an electric furnace at a temperature
of about 2000°C :

Si0; +3C = SiC+2CO

Carborundum is a blue black iridescent crystal as hard as diamond and cxists
in three diffcrent crystalline forms having C and Si at alternate positions in the
crystal network so that cach atom is surrounded tetrahedrally by four others.
This accounts for the inactivity, hardness and thermal stability of SiC. It is used
as abrasive for polishing, grinding and cutting.

SiC is attacked by fused alkali 1o give Na,SiO, and Na;CO,.

Silicon dioxide, SiO, : Silica occurs in nature as sand and quartz. There

are three well-defined crystalline forms of silica :
.. 1500°C :
o quartz s B quartz i tridymite —  crystobalite
_ N P

Crystobalite has a diamond structure having lincar 5i—O—Si bonds but in
quartz and tridymite Si—O—Si bonds are non-linear.

A scction of symmetrical arrangement of atoms is B-quartz is shown in Fig.
19—2 showing the planc of the hexagonal pattern.

SiO, is hard, refractory, briitle and colourless solid. CO; is a gas at ordinary
temperature having scparate molccules and even in dry ice CO, molccules have
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Fig. 19—2. Projection of silicon atom in B-quartz. The silicon atoms lie in three
different planes shown by the black circles, shaded circles and empty
circles giving a hexagonal pattern,

little intermolecular auractions. Each C in dry ice (COy) is linked 10 two O
atoms by double bonds, whercas in SiO, each Si is attached to four O atoms by
single bonds in tetrahedral forms which are again linked together in three
dimensional patiern by sharing oxygen atoms at the corners between two
tetrahedra forming a giant molecule having Si—O—Si non-lincar bonds. The
overall ratio of Si to O is 1: 2 as in SiO,.

By melting quartz at 1600°C, silica glass is produced which is transparent 10
visible and ultraviolet light and is used in optical instruments.

Si0;, is an stable compound and is reduced by only very reactive metal. It is
not attacked by acid except by HF.

Ferrosilicon, FeSi : When silicate iron ore is reduced in electric furnace,
ferrosilicon is formed. It is used in steel industry to make acid-resistant steel,
€. .. "duriron” and steel of high magnetic propertics. Silicon also acts as de-
oxidizing agent in sicel.

Hydrogenite : A mixture of ferrosilicon and solid NaOH liberates H, gas
with water and is known as hydrogenite,
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Water glass, Na,SiO; : When silica is fused with Na,CO5 or NaOH,
sodium silicate, Na,Si0s, is formed :

2NaOH + S]Oz = NﬂzSiOa + HZO
Na,CO, + Si0; = NasSiOy + CO,

The product is a glassy mass solublc in water giving a thick viscous liquid
which is called "water glass". It is a commercial product and actually does not
conform to the simple formula of Na,SiO; but contains cxcess SiO, in the form
of Na,Sis0g, NagSiOg ctc. Water glass is uscd in making soap, washing
compounds, fire proofing, adhesive and for egg prescrvation. Nu,SiO;y on
hydrolysis gives alkaline reaction because NaOH formed is a stronger base :

Na,Si0; + 2H,0 = H,Si0; + 2NaOH

Glass : Glass is a complcx mixture of silicates and is actually a supercooled
liquid. It is transparent, britde and has no orderly arrangements of atoms as in
crystals but has random distributions of the atoms. It does not melt on heating at
a particular lempcrau.t'rc but gradually becomes soft. Colour of the glasscs are duc
to the presence of foreign metal cither present in the raw matcrial or deliberately
added.

Raw materials for glasses : These vary from type to type and the
following are the important raw materials used :—

(a) Silica, Si0; : Small quantity of AlL,O; docs not produce any harmful effect
but Fe,0; colours the glass and is gencrally removed.

(b) Boric oxide, B;0;: This is added in the form of H;BO; or borax only in
horosilicate glasses which have low co-efficient of expansion.

(c) P,Os or As,05 is added when opalescent glasses are 1o be produced.

(d) Li,0, K,CO5, Ca0, Na,CO;, BaCO5, MO, PbO,4, ZnO and CaCO, arce
used as basic oxides to produce the glasses. These different basic oxides produce
diffcrent types of glasses, such as, '

(i) Soft glass contains Na and Ca silicate.

(ii) Hard glass contains K and Ca silicate and fuscs at high lcmperature,

(iii) Flint glass contains K and Pb silicate for optical instruments.

(iv) Bottle glass is a soda-lime glass without removal of ferrous silicaie.
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(v) Jena glass: Zn and Ba-borosilicate glass.
(vi) Pyrex glass : Barium borosilicate glass having low co-cfficient of
expansion,

(¢) Colouring matter for glass: Cenain metallic oxides are added to glass for
the purpose of colouring the glass. For instance, ferrous iron gives green colour
whereas ferric iron imparts, yellow colour. Cobalt oxide gives intense bluc
colour, carbon gives amber colour and so on.

The chemical reactions between the ingradicnts are of very complex nature
and no definite compounds are formed. Soft glass consists of sodium-calcium
silicates. Glasses manufactured by any of the above ingradicnts are subjected to
anncaling, i.c., the process of slow cooling in order to avoid sudden cracking
down 10 picces.

Natural silicates : These are silicate mincrals occurring in nature and are
of varicd chemical compositions and structures. However, a systematic study of
the silicate minerals have been made and it has been found that all of them have
the same basic structures of SiO, tetrahedron joined together in various manners.
Each Si atom is at the centre of a tetrahedron with 4 oxygen atoms at the
corners. These minerals have been classificd on the basis of the linking of Si-O
letrahedra. Thus :-

1. Single SiO4 tetrahedron has an independent group in the crystal lattice.
Thus olivine, Mg,SiO,, and zircon, ZrSiO,, have mdwldml 510, tetrahedra
bound together by Mg*? or Zr*4 ions :

o]

|

e
o
(Si0g) "¢

Or more simply as,

(5104)™ tetrahedron. The black circle indicates Si atom at the centre. 4 oxygen
atoms are situated at the 4 corners of the tetrahedron.



CARBON AND STLICON 473

2. Two SiOy4 tetrahedra may share one corner forming Si,04 group. Thus in
hemimorphite, Zng(OH),Si,0;, and Sc,Si,0, we have,

A )
W (5i307)-% anion

3. Three or six SiOy4 tetrahedra may share corners and form a closed ring as in
Ca;5i30 and benitoite, BaTiSi;Oq, and beryl, Be;AlLSi,0, 5 respectively :

= -6 ’— A | ~-12

(Si;0¢)78 (5i405)712

4. Linking of cndlcss chain of S5i0y tctrahedra by sharing two O atoms as in
diopside, CaMg(SiO;),, and pyroxcnes, [MgSiOs]n :

A_A__A
ARV

(5i03),~2" anion
5. Linking of $i0, tetrahedra to give double Si—O chains as in the fibrous
asbestos and tremolite, Ca;Mgy(Si40yy)2. Mg(OH); :

A\

(S I.401 1 )n_h anion
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6. Linking of SiO4 tetrahedra giving extended double chain to form sheets as
in the case of tale, Mg;5i,0,4(OH),, and mica, KA, AlSi;0,,(OHF), :

0 huygen
® Silicon

(Si05), ™2 anion

7. Linking of $iO; tetrahedra giving three dimensional Si—O network in
which some Si** has been replaced by Al*3. The excess negative charge is
ncutralized by introduction of a positive ion throughout the network as in
fcldspar, KAI(Si;O3) or zeolites, NayAl;Si;040.H;0. Aluminium ion, Al*?
replaces Si** because of the similar size of the two ions (about 0.50 1:).

- LR} _4 s "‘5
6 o 3

20153 0 :'6: Ald;(.)'
10: 4T

Zeolite, therefore, contains Na*2 or K* ion in order 10 balance the electrical
charges and the structure is such that Na* or K* ions can be dislodged by Ca*?
ion because of similar size without changing the basic structure of the silicate.
This phenomenon in natural silicates is known as isomorphous displacement.
Zcolite, therefore, functions as a base exchanger and is used in water purification,
although now-a-days synthetic base exchangers are being extensively used.
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Silicones : The production of organosilicon polymers has been a recent
development in the ficld of silicon chemistry, The organosilicon polymers are
generally known as Silicones and have been of great industrial use. They arc
stable towards heat and chemical reagents and repel water. Depending upon
polymerization complexity, the silicones may be in the form of oily liquids,
greascs, rubber-like substances or resins. They find their use as lubricating oils,
clectrical insulators, water proofing ete. Silicones lubricating oils are employed
where great variations of temperature do not permit the use of ordinary
lubricants. Water repellent films are coated on paper, silk, glass, fabrics, cic. by
simply exposing the matcrials to the vapour of trimcthyl chlorosilane,
(CH;);SiCl. The thin film consists of (CH,),Si-O groups which repels water.

Some of the polymeric forms of the silicone polymers are made from
organochlorosilancs of the types R,SiCly by hydrolysis. R may be CHj, CyHs,
C¢Hs or other radicals. The hydrolysis is followed by polymerization
(condensation reaction) through the climination of H;O from two adjacent OH
groups of R,Si(OH), :

/CI H,0 OH

R,Si + — RSi + 2HCI
b %,
cl H,0 OH

R R
I |

HO—Si—O|H + OH|—Si—OH ‘

i |
R R
l - 1,0
R R
| I
HO—Si—0—S8i—OH
| |
R R

There are lincar, cyclic and cross-linked types of silicone polymers as shown
below :



476 INTRODUCTION TO MODERN INORGANIC CHEMISTRY

R\/R
g g 1% P
| | |

\] ‘/

R—S§i—0|—Si—O——Si—R
/ Sl\ / SI\

=)

R R R
. ik 3 cychc silicone
lincar silicone
= ]T (|:) . a5
l
—ﬁi“O*S[i —0-Si—0
R 0 R
R 0
| |
§i-0-5i=0- i
|
0 R o |n

cross-linked silicone

GERMANIUM

Mendceleef predicied the existence of this element and named it EKA-silicon.

Germanium is rare and occurs in argysodite, Ag,SeS,, and in some sulphide

ores. It also occurs in coal ash along with other metals.
GeO, when reduced with C or H; gives the metal Ge.

Also the reaction, GeBry + 4Na — Ge + 4NaBr gives Ge.

Ge mcial retains its lostre in air like Sn. It is not affectcd by HCI, H,SO,
(diL), but dissolve in HNO; and in dil. NaOH only slightly. Fuscd alkalies

dissolve it completely forming Na;GeOs,

Germanium docs not form allowropes and occurs only in diamond structure

hut it is opaque and gray in colour,
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Ge forms both Ge*2 and Ge*4 compounds. Ge*? is casily oxidized 1o Ge** or
reduced 10 Ge. GeO and GeO, are amphoteric. GeCly resembles SiCly and Ge
forms hydrides GeHy, GegHg, GeHy and other organometallic compounds.

When Ge is alloyed with other elements, it has the unique property of
allowing an clectric current Lo pass in only one direction. The rectifying capacity
of metallic Ge crystals has been used in radar and as transistors for amplifying
small currents of electricity as a substitute for vacuum tubes or thermionic
valves. Germanium belongs to the semiconductor group of clements. It shows
increased clectrical conductivity at higher temperatures.

TIN

Sn has the electronic configuration :

152 252 2p® 3s? 3pb 3d'0 4s? 4pb 4d'° 55t Sp?

This aspect of the clectron arrangement is reflected in the properties of Sn and
its compounds, particularly with regard 1o the oxidation states of Sn. Since
4d' 5s2clectron arrangement represents stable configuration, the outermost 5s?

clectrons in Sn do not nermally show much activity and hence are known as
inert pair of electrons. Thus Sn*2 state is more stable than Sn**.

Sources of Tin
(1) Cassitente (Tinstone)—Sn0,.
(2) Various pyrites of Fe, Cu and Zn contain small quantity of Sn.

Metallurgy

1. Concentration of ore is generally done by washing the tinstone in a sucam
of water. Tinstone fragments being heavier arc left at the bottom.

2. The tinstone is then roasted to remove arsenic and sulphur as volatile
oxides. The volatile As,04, is actually collected. The oxides of other metals arc
also formed during roasting.

3, Roasted tinstone contains iron and manganese tungstate because FeWO,

occurs in cassiterite. These are separated from tinstone by magnetic scparation
because both Fe and Mn tungstate are magnetic in nature. Travelling belt with
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clectromagnetic roller scparates the magncetic and non-magnctic parts into 1wo
heaps.

4. The roasted tinstone is then treated with hydrochloric acid to dissolve out
CuO and Fc;03. Alicrnatcly, the roasted tinstone is allowed to stand in a heap in
moist condition and then leached with water to dissolve out CuSO, and FeSO,
formed. The concentrated tinoxide is known as black tin.

5. The purificd SnO; is mixed with coke and smelied in a reverberatory
furnace with a little lime as flux to form CaSiO; with Si0,. The molten tin

which collects on the bottom of the furnace is drawn off and cast into blocks
known as block tin,

6. The refining of the crude tin is done by liguation process. The tin blocks
are remelted and allowed to flow away from the higher melting impurities. This
may further be purified by electrolysis. As usual, the impure tin is made the
anode while the pure tin is cathode and the bath consists of H,SiFg and H,SO,.

Tinstone Water Heay fibitans roasted  Product
{ore) Washed y —vcélatdr: ore
products

magnelic | Scparation

+2 +2
Cu K Fe*? ete. HCI .J' %
in soln. — Tin ore Fe, W
0, weathering magnetic
"Black tin" Sn0, ore

smelted with coke

Ll

Impure Sn _liquation o elcctrolysis | Rofined Sn
"Block tin"  process

In small scale u.. may be obtained by treating SnCl, with zinc metal ;
SnCl, +Zn > Sn+ ZnCl,

Properties of Tin

Physical properties : Tin exists in three solid allotropic forms : (a) Gray
tin having cubic structure; (b) White tin which is malleable and having
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tetragonal structure ; (c) Britte tin having rhombic structure. The three forms are
interconvertable :

13°C 170°C
Graytin == Whitetin <=  Brittle tin

Malleable tin is silvery white and when a rod of it is bent or hit with a
hammer, it produces a sound described as tin cry due to the fact that the crystals
slip over onc another. Zn and Cd behave similarly. White tin at low temperature
(in cold countrics where temperature falls below 0°C) automatically changes to
gray tin which is a white powder. The change progresses slowly originating
from a spot of the tin articles and spreads over the entire arca as happens in the
case of infection in a plant or animal body. For this rcason, it is known as fin
discase or tin pest.

Chemical properties = The chemical propertics have been described in

the gencral propertics of group IV clements. Sn is a stable metal and is converted
to SnO, only on heating to above 1500°C. Tin dissolves in HCI giving SnCl,
and cvolving Hy. Conc. H,80, gives Sn(SO,), but dil. H;SO, gives SnSO, :

Sn+ H2504 = Sn504+ }{2
Sn + 4H,50, = Sn(SOg); + 250, + 4H,0

It is also dissolved in dil. HNO, forming Sn(NO;), and NH;NO,, whereas Sn
is converted to SnO, in hot conc. HNO; :

4Sn + 10HNOy = 4Sn(NOj3), + NH,;NO; + 3H,0
Sn + 4HNO; = H,Sn0; + 4NO, + H,,
l
Sn0, + H,0
Alkali dissolves tin giving alkali metal stannate
Sn + 2NaOH + H,0 = Na,Sn0s + 2H,
Halogens directly combine with Sn to give SnX4. Thus,
Sn + 2Cl, = SnCl,
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Uses of tin : (i) Tin is uscd in the production of tin platcs which are
actually iron plates coated with tin. This is widely used for making tin cans and
other houschold utensils. The older method of tinning iron plates is 1o clean the
surface with H;S0, and then running the sheet through molten tin, known as the

hot dip method. Now-a-days the tinning is done electrolytically.

(ii) Tin is used to make stills for distilled watcr,

(1i1) Tin foils are uscd for wrapping food, but now it has been replaced by Al-
foils or cellophane.,

Alloys of tin : (i) Solder : Sn —50%, Pb—50% are uscd for soldering
purpose.

(11) Bronze : Copper and tin alloy.

(i) Type metal : Pb—60%, Sb—30%, Sn—10%.

(iv) White metal : Sn—82 %, Sb—12%, Cu—6%,

Some Compounds of Tin

Stannous oxide, Sr() : This is obtained by special method

(a) When SnCl, is treated with NayCOj in the hot condition:

(b) heating tin oxalate 1n the absence of air :

SnCl; + NayCOy = SnO + CO, + 2NauCl
SnC,04 = 5n0 + CO,; + CO

Sn, on strong heating in air, gives SnO, which is yellow when hot, white

when cold and is used m making opaque glass and cnamels,

Stannous hydroxide, Sn(OH), : 1t is produced in the form of white

gelatinous precipitate when Sn*? compounds in solution are treated with alkali
solutions :

SnCl; + 2NaOH = Sn(OH), + 2NaCl

Sn(OH), 1s dissolved in excess of NaOH o give stannite and on boiling
precipitates SnO :
Sn(OH), + NaOH = NaSn(OH),
Sodium stannite solution has great reducing propertics and is used 10 test for
Bir? when Bi(OH); s reduced 1o black metallic Bi :

2 BitOH)y + 3 NuSn(OH); + 3 NaOH = 2Bi + 3N, Sn(O1),
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Stannic acids and stannates : On adding alkali 10 a solution of Sn*4
such as SnCly, a white gelatinous mass is produced. It may be expected 1o have a
composition of Sn(OH),, but ncither the acid nor salts derived from it have been
made. These have indefinite compositions and may have polymer structure.

Ortho stannic acid is formulated as H,[Sn(OH)g) and gives the Na-salt,
Na,[Sn(OH)4). The ortho acid rcadily loses H;O forming mcta stannic acid or a
a-stannic acid, SnO(OH), or H,5n0O;. This is formed when NH,OH is added to
SnCly :

SnCl, + 4NH,OH = Sn(OH), + NH,CI
- H,0

510, 129 550(0H),
o - or meta stannic acid Torms salts with alkali, giving Na,SnO; which arc
soluble in acids.

- stannic acid is obtained when Sn reacts with conc. HNO; in the hot
condition and is said to have the probable composition H;Sns0,,.4H,0 because
the sodium salt has been formulated as NapSnsO,,.4H,0. Sodium stannate or
meta stannate is NaySnO4 and is made by fusing SnO, in NaOH :

SnO, + 2NaOH = Na,Sn0, + H,0
Sodium stannate is used in calico printing.
Tin halides, SnX, and SnX; :
S§nF; : Sn(OH), + 2HF = SnF, + 2H,0
SnFy: SnCly + 4HF = SnF, + 4HCI

SnF; is a white crystalline substance whereas SnFy is a hygroscopic solid. It
forms double compounds with NH;. On adding HF to K;Sn0,, potassium
fluoro-stannate, K,SnFy is obtained.

SnCl, : It is obtained commercially as SnCl,.2H,0 by the reaction of Sn
“or SnO; with HCL. Anhydrous SnCl; is obtained by the action of HCI gas on
hcated Sn or by heating Sn and HgCl, wogether:

—31
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Sn + 2HCI (g) — SnCl; + H,
Sn + HgCl; = SnCly+ Hg
SnCl, is soluble in water, cther, alcohol. SnCl; is hydrolysed in water on
standing forming basic Sn(OH)CI :
SnCl; + HO = Sn(OH)CI + HCI
SnCl, is a reducing agent because it is casily oxidized 1o Sn* suate. A few
reducing reactions of analytical use are
(a) 2HgCl, + SnCl, = Hg,Cl, + SnCl,

l +Sn('.'|z
2Hg + SnCl,

(b) FeCl, + SnCl, — SnCl, + FeCl,
(C) Snclz + I; +2HCl = SnCh + 2HI

SnCl;. 2H;0 is used in industry also as mordant in dycing, weighting of
silk, and tin-coated metal articles, such as pins and paper clips.

The structurce of SnCl, is represented as,

Sn
Cl/ \ Cl

SaCl, : It is obtained by the following reactions :-

(a) Sm + cxcess Cl; — SnCly

(b) Sn + cxcess HgCI;Md"-» SnCl; + 2Hg

SnCly is a colourless fuming liquid, soluble in organic solvents as in CCly
and non-conductor of clectricity. Thus, it is a typical covalent compound. SnBr;
and SnBr, are obuined in analogous manner. But when Sn and I, are heated

together Snlg is formed with evolution of much heat and light. Snly are red
crystals soluble in organic solvents.

SnX, have teuahedral structure.
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It is to be noted that except carbon compounds, ¢.g., CCly, the tetrahalides of
group 1V clements are hydrolysed in water :

MX, + 2H,0 = MO; + 4HX

Thus, in covalent SnCly, since Sn is less clectronegative than Cl, it carrics a
partial positive charge which attracts the OH ions of H,0. Similar rcaction
occurs with SiCly :

Cl H Cl

| / |

Cl—Sn—Cl +:0 - Cl—Sln—OH + HCl

Cl H Cl
ﬁ‘ TN
O—vH >
Cl Z Cl
i P
CA |
Cl— Slmﬁ‘\gl P ——> Cl-— §n— OH + HCl
\..“ !
Cl Cl

The process continues untill all Cl is replaced by OH and relcasing HCI. This
happens in the case of SiCl, also for the same rcason and the final product is
Si(OH),.

Tin sulphide, SnS : When H,S is passed into a solution of S$nCl,,
yellow precipitate of SnS is formed. SnS is not soluble in alkali sulphides but
soluble in yellow ammonium sulphide (containing large amount of S) forming
thiostannate :

SnS + (NH,),S = SnS; + 2NH,*

SHSI"‘(NI'L;)QS = (NH‘)IS“S3
Stannic sulphide, SnS; : This is also known as Mosaic Gold and is
uscd as a pigment in gilding. This is made by the action of 1,S on Sn*4-salts :

SnCly + 2H,S = SnS; + 4HCI
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It is also obtained by heating a mixture of Sn, NH,Cl and S together :
Sn + 4NH,Cl = (NH,),SnCly + H; + 2NH,4
2(NH),8nCly + 2§ = SnS, + 2NH,4Cl + (NH4),SnClg

This is an old method, and mosaic gold is used for imparting the look of gold
on such articles as made of wood.

LEAD

In lcad also we come across the outermost s2p? clectrons after d'® and Pb*? is
more stable than Pb**,

Sources of lead :
Galena—PbS
Anglesite—PbSO,
Lanarkite—PbO.PbSO,
Cerussite—PbCO,

The most important mineral source of Pb 1s galena, PbS, and it is sometimes
mixcd with other sulphides, such as those of Cu, Zn, Sb and Ag.

Metallurgy : PbS is easily converted 10 PbO by heat and PbO is casily
changed 1o Pb by reduction with carbon or scrap iron or simply by air.

1. Air Reduction Process : The concentratcd orc is roasted in
reverberatory furnace under controlled supply of air. Some of the PbS is
converted tp PbSO4 and PbO which now rcact with the excess of PbS and
thercby reduced to metallic Pb. The molicn lead is drawn off and further
purified :

2PbS + 30, =  2PbO + 1280,
PhS + 20, = PbSO,4

2P0 + PbS = 3P + SO
PhSO, + PbS = 2Pb + 250,

2. Carbon Reduction Process : The crushed and concentrated galena is
converted 10 PbO by roasting with a slow blast of air, For this purpose PbS is
mixed with lime, CaO, in order 1o prevent the oxidation of PbS 1o PbSO,4 and

PbSi0,. Even if PbSiO; is formed, it reacts with CaO to give PbO :
PbSi0; + CaO = CaSiO; + PbO
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The sintered ore is then charged in blast fumnace with coke and lime. PbO is
thus converted to Pb. The molten lead sinks at the bottom of the furnace and the
slag floats on the top of the molten lead and is drawn off from different outlets :

PbO+C = Pb+ CO
PbO+CO = Pb+CO,

The lcad obtained by the above methods contains Cu, Sb, As, Bi, Au, Ag
ctc. as impurities. The purification of lead is done by various processes.

(a) Softening of Pb : The crude Icad is melted in a shallow reverberatory
furnace and stirred with a current of air. The oxides of Sb, Bi, As are formed and
rise 1o the surface and the molten lead is drained off for further refining.

(b): Desilverisation of lead : Gold and silver are extracted from lead
by : (i) Parke’s process or (ii) Pattinson’s process.

(i) Parke's process is based on the extraction of silver from Pb by means of
Zn. In the molten state Ag goes with the Zn layer and Pb is desilverised to a
great extent.

(ii) Pattinson's proccss is based on the fact that Pb-Ag alloy (containing 2%
Ag) has lower melting point than Pb. The portion of lead which solidifics first
is rich in silver.

(c) Belts" electrolytic process for pure lead : This mecthod gives
relatively purer variety of Pb and the desilverized lead is subjected to this
method. Thin sheets of pure lead are the cathodes and plates of impure lead are
made the anodes. The electrolyte is a solution containing lead hexafluorosilicate,
PbSiFgand 10% hexafluorosilicic acid, H2SiFs. The pure lead dcposits on the
cathodes which grow in bulk.

Uses of lead : The uscs of Icad depend mainly on the case with which it is
worked, its low melting point and resistance to corrosion. Some of the uses of
lcad are :

(1) Plumbing articles, but now replaced by galvanized iron materials.
(2) Manufacture for lead accumulators.

(3) Covering for electric cables.
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(4) Lead chambers in H,SO, plants.
(5) Making lead shots and bullets.
(6) Manufacture of white lcad and other pigments.
(7) Making alloys, such as solder, type metal, pewter etc.
Alloys : (1) Type metal : Pb—82%, Sb—15% and Sn—3%.
(2) Solder : Pb—50%, Sn—50%.
(3) Pewter : Pb—20%, Sn—80%.

Compounds of Lead

The common oxidation statc of fb is +2. The +4 oxidation state is seldom
formed because the two s? clectrons in Pb remain associated with the core as a
stable electron pair. Because of the high oxidation potential of Pb*4, i. e.,
Pb*2-5Pb0,, —1.5 volts, Pb*2 is the characteristic oxidation state,

Ocxides of lead, PbO, Pb;0, and Pb0,: PbO is known as litharge.

This is obtained by heating Pb or PbS in air, in the form of ycllow-orange
powder. This oxide is soluble in acids and alkalics forming Pb*? or HPbO,™ ions
respectively. It is used in the manufacture of lead glass and enamels. A mixture
of PbO and glycerine is used as a cement since it scis to a solid lead glyceride.
PbO is used in making NaOH also :

5PbO + 2NaCl + H,0 == PbCl,.4PbO + 2NaOH
Red lead : Pb,0, or red lead is made by carcful heating of PbO in air at
temperatures between 400—500°C. It is decomposed to PbO on strong heating :
6PbO + O, == 2Pb0,

When Pb,0, is treated with HNO,,2/3of it dissolves as Ph(NOs), and 113
remains as PbO; :

%304 +4HNO, = PbO; + Pb(NO;); + 2H20

For this reason, PbyOy is considered as a plumbate of Pb having 2PbO. PbO,
or PbPb,0O, composition having Pb*2 as cation and Pb* in the anion PbO, ™.
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Pb;04 (red Icad) is used as paints, making storage batterics, ccramic products
and lint glass. Paint of red lcad acts as a rust inhibitor for iron and woodwork.

Pb;05, which is a ycllow solid, is also formulated as Pb(PbO4). This is also
made from PbO when heated in air.

PbO,, lead dioxide or lcad peroxide is obtained as a dark chocolate-brown
powdecr by various methods. These methods are :

(1) Pb;0, + 4HNO; (conc.) = PbO; + 2PH(NO4), + 2H,0.
(2) Oxidation of PbO with alkaline Cl, :
PbO + NaClO = PbO, + NaCl
(3) Anodic oxidation of solutions of Pb*2salis :
Pb*2 + 2H,0 = PbO, + 4H* + 2¢
(4) Fusion of PbO with KCIO; and KNO;,

(5) Action of blcaching powder on lead acetate gives PbO, :
PH(CH,CO0), + Ca(OH), = Pb(OH), + (CH,COO0), Ca
Pb(OH); + CaOCl, = PbhO,; + CaCl, + H,0
PbO, is a powerful oxidizing agent since Pb* tends to revert to stable +2
state by gaining 2 electrons. PbO, readily loses oxygen and is converted to PbO
on heating or even in light. With concentrated HCl it liberates Cly, but with cold
HCl it gives solution of PbCl, :
PbO, + 4HCl = PbCly+ 2H,0 + Cl,
PbO; + 4HCI PbCly + 2H,0

It dissolves in concentrated alkalics o form lumbates. PbO, is the principal
constituent of the anode of the charged lead storage batterics,

The structure or PbO, is, O=Pb=0
Lead halides, PbX; and PbX, : PbCl, is formed from Pb and C); or by
dissolving PbO in HCl or by adding CI™ ion to a solution of Pb*2 salts. PbF, is
preparcd in the same manncer :
Pb(NO;); + 2NaCl = PbCl, + 2NaNO,

]
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PbCl, is soluble in hot watcr but reappears on cooling.

H,PbCl, is formed when PbCl, is treated with cone. HCL

PbCl, is not a stable compound and is formed when PbO, reacts with cold
HCL.

PbBr; and Pbl, are obtained by double decomposition of a soluble Pb*? salt
and soluble KBr or KI respectively. Pbl; forms beautiful golden spangles
soluble in hot but insoluble in the cold condition,

Lead sulphate, PbSO, : 1t is formed as an insoluble whitc precipitate on
adding a soluble sulphate or dil. H,SO4 to a lead salt solution ;
Pb(NO,), + Na,SO, 4 PbSO, + 2NaNO;
PbSOy, is soluble in ammonium acetate or alkali solutions :
PbSO, + 2NH,COOCH; <= PH(CH,COO), + (NH4),504

With hot conc H2S04 it gives a solution of H,Pb(SOy), from which PbSO,
is precipitated out on dilution.

Lead nitrate, PB(NO;), : 1t is formed when Pb or PbO is dissolved in
HNO,, It is soluble in water to give a stable solution only in presence of a little
HNO,, otherwise hydrolysed to give Po(OH)NO; ;

Pb(NO); + HyO == PH{OH)NO; 4+ HNO;
Pb(NOs); is decomposed on heating as other nitrates of heavy metals :
Pb(NO3); — 2PbO + 4NO + 30,

Lead acetate, Pb(OOCCH;), : 1t is one of the few soluble salts of lcad

and was known as sugar of lcad since it has swect taste. It is obtaincd by
dissolving PbCO5 or PbO in acctic acid. In presence of excess PbO, basic lead
acclate is obtained: ]

PbO + 2CH3;COOH — Pb(OOCCH3); + H,0

Lead chromate, PbCrO,: It is insoluble in watcr and is obtaincd by
double decomposition reactions :

2Pb(CH,CO0), + K,CryO; —» 2PbCrO, + 2KCH,COO + CH,COOH
Pb(NO})‘z + KzCIOgI = Pb‘Cr04 + 2KN03
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It is known as "chrome yellow" and is uscd as a pigment. When the yellow
PbCrO, is boiled with alkali, a basic Pb chromate, Pb(OH),.PbCrQ,, is obtaincd
which is orange colourcd and is used as a pigment.

2PbCrO4+ 2NaOH = Pb(OH),.PbCrO, + Na,CrO,

Lead tetraethyi, Pb(C3H )4 : 11 is a covalent compound and liquid al‘
ordinary temperatures. It is uscd as petrol additive for producing "antinock”
gasoline. It is obtained by the reaction of cthyl chloride with a Na—Pb alloy :

4C,HsCl+ NaPb = Pb(C,Hs), + 4NaCl

Lead carbonate, PbCQ; : The normal carbonate is obtained by the
action of NaHCOj; upon PbCl, or PbSO,

PbClz + NaHCO3 = PbC03 + NaCl + HCl

"White lead" or the basic lead carbonate : The basic Pb carbonate
has the composition Pb(OH),.2PbCO,. This is formed when alkali carbonalcs
are added to solutions of Pb-salts. Until a few years ago the manufacture of white
lead was an important chemical industry because of its commercial importance
as the paint pigment. It has a good covering power but with time the white paint
tums black because of its conversion 10 PbS due to the action of H,S which may
be present in some places like industrial areas. The large scale development of
the titanium dioxide, TiO,, as a white pigment has almost completely replaced
"white lcad"” industry because TiO, is free from the darkening effects. However, a
short description of the manufacture of white lead is of interest from the point of
view of chemistry.

White lead is manufactured by the action of air, CO; and CH;COOH vapour
on metallic Pb. Various technical procedurcs are adopted 10 bring about the
reactions such as the Dutch Chamber Process in which the bars of Pb arc
exposcd 1o the action of CH;COOH vapour and CO, in a suitable chamber. In
the Carter Process the corrosion of Pb is carried out in wooden cylinders where
molten lead is atomised with superheated steam and a spray of CH;COOH and a
stream of CO, arc introduced. The essential reactions are

2Pb + 0,+ 2CH,COOH = 2Pb(OH)COOCH,
6Pb(OH)COOCH; + 2CO, = Pb(OH),2PbCO;3 + 3PH{COOCHS;), + 2H,0
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Pb(COOCH,), is used up in the process and CH;COOH is regencrated which

again reacts with more lead. The process is continuous and white lcad is removed
from the stacks.

Titanium, Zirconium and Hafnium: These group IVB clements are
classed as transition metals. Outermost electron groups arc |

Ti—3d24s2 Zr—4d25s? Hf—5d26s2

They are ordinarily tctravalent (+4 state), but also show oxidation statcs of
+2 and +3. These metals are difficult to isolate. Titanium is found as rutile,
TiO,, and ilmenite, FeTiO,.

Ti is very difficult to obtain in the pure form because of its high melting
point (1800°C).

In order to get titanium, its ore is first converted into TiCl, by the reaction :

2TIO, + 3C + 4Cl, E=1000°C_, »TiC1, + 2CO + €O,
TiCly is first purificd and then metallic titanium is obtained by the reaction
with active metals, such as Na, K, Ca, Mg ctc. (Kroll process).

TiClg + 2Mg ——— Ti (spongy) + 2MgCl;

The spongy titanium is converted to metallic titanium by treatment with
dilute sulphuric acid or by the reaction with iodinc Lo worm Tilg which is
decomposed by heating to 800°C in vacuum depositing pure titanium (Van Arkel
Process). lodine in the vapour state is used over and over again ©

Tily————— 11 2k

Uses of Ti : Special properties of Ti has been used to make special
alloys, such as in jet motors and high speed aircraft. Ferrotitanium has been used
in special steels of great swrength. TiO, is largely uscd as pigment in paint
industry and is made from ilmenite, FeTiO;, by reaction with HCI and
subliming FeCly :

2FcTiOy + 4HCl + Cl, = 2FcCly + 2TiO, + 2H,0



CARBON AND SILICON 491

TiCly is liquid and is made by passing Cl, gas on TiO; mixed with C in the
heated condition : "
TiO; + C +2Cl; = TiCly+ CO,
TiCly is used to produce smoke screen. TiCly and TiCly are good reducing
agenis.
Zirconium and hafnium occur together in nature. The chicf ore is zircon,
ZrSi0y4. All mincrals of Zr contain about 5% Hf, The chemical propertics of Zr

and Hf are almost similar due to the cffect of lanthanide contraction giving
almost same ionic sizes of both,

Zr0O, is also known as "Zirconia' and HfO, as 'Hafnia’. They are refractory

matcrials and have very high mclting points. The metals arc obtained by heating
K,ZrF, or K;HIFg with meals, such as Na, K or Al.

ZrCly is hydrolysed 10 the extent of ZrOCl; whereas TiCly is hydrolysed to
the hydrated oxide TiO,.

QUESTIONS AND PROBLEMS

1. Describe how coal gas is manufactured. What are its main constituents and how
does it differ from producer gas and water gas? Give reasons why hydrogen
sulphide is always removed [rom coal gas and cxplain the chemical reactions
involved in ils removal.

2. Describe preparation, properties and uses of lead chromate and basic lead
chromate.

3. Write short notes on the preparation and uses of the following fucl gases :—
(a) Producer gas, (b) Water gas and semi-water gas, (c) Coal gas.
4. Describe the preparation, properties and uses of —
(a) Calcium cyanamide.
(b) Calcium carbide.
(c) Water glass.
(d) Water gas.
5. Describe the preparation, propertics and uses of—(a) Sodium cyanide, (b) Water
gas, (c) Carbon disulphide.
6. Describe the preparation and uses of :— (a) Water gas, (b) While lcad.
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., How would you prepare lcad chromate from lead monoxide and chromium

oxide?

. Compare the chemistry of carbon and silicon and some of their important

compounds. Mention salient points only.

How tin is extracted from tinstone and how the melal is purificd? Discuss the
action of :—(a) HCI, (b) HNO; and (c) NaOH on tin.

Write bricl description of the preparation and uses of :— (a) Water gas, (b)
Producer gas.

How are carborundum and water glass prepared ?

Describe the preparation, propertics and uses of lead.

Compare the nature of the bonds in PbCly and PbCl,.

Show by suitable equations that Pb(OH), is amphoteric.

Discuss the properties of group IVA elements in relation 1o their electronic
structures. Explain why tin and lead do not form stable +4 oxidation states.
Explain :_

(a) The inert pair of electrons.

(b) Hydrolysis of silicon and tin tetrachlorides.

(c) . Tin disease,

(d) Desilverisation of lead,

Discuss the principles involved in the extraction of lead from galena by air
roasting process and the reduction process.

Compare the chemistry of group IV elements with particular reference to C, Si,
Ge, Sn and Pb.

What is the theoretical basis of charcoal reduction test in the qualitative
chemical analysis?

‘Properties of boron and silicon are similar in many respects. Discuss.

In Periodic group IVA carbon is a nonmetal, silicon and germanium are
metalloids, tin and lead are metals. Explain why this is so.

Can you design construction of coinage and fuselage of pure 1in? If not, why?
Zinc and tin are both used as protective coating for steel. What is the mechanism
by which protection occurs in cach case.

What are the structural formulae of stannic acid and stannous acid?

Write the equation showing production of hydrogen by the action of strong
alkali solution on tin.

Describe Parke's process for the desilverization of lead. For what specific
reasons Bells' process is employed.
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Could you suggest replacing the lead plates in a storage battery by other metals ?
What are the uses of titanium metal and TiO; ?

Point out the commercial use of TiCly_

Zirconium and hafnium have very close resemblance of chemical propertics.
Discuss.



CHAPTER 20
NITROGEN AND PHOSPHORUS

(The clements of Group V) .

The elements of group V are sub-divided into group VA and VB as
follows:—

Group VA Group VB

N — Nitrogen

P — Phosphorus V — Vanadium
As — Arscnic Nb — Niobium

Sb — Antimony Ta — Tantalum
Bi — Bismuth

In group VA non-metallic character is more pronounced as compared to
thosc of group IVA. The metallic character increascs at the bottom of group VA,
particularly Sb and Bi are considered to be metallic elements.

The electronic structures of group VA clements are given in Table 20.1,

Table 20.1. Electronic structures of group VA elements.

At. No. Elemenis Elecironic structures z;ﬁ:‘;‘,
7 N He core, 2s%2p? 2s22p3

15 P Ne core, 3s23p° 3s%3p?

33 As Ar core, 3d'%45%4p3 45%4p?

51 Sb Kr core, 4d'"5525p3 5s25p3

83 Bi Xe core, 41'%5d %62 6p? 6s26p3

Thus the 5 clectrons in the outermost cnergy levels arc s2p® clectrons in
cach case. The group VB clements V, Nb, and Ta arc transition metals and have
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the clectronic configurations in which d clectron levels have the following
configurations :—

V (23) — Arcore, . . . .. 3d%s?
Nb(41) — Krcore,. .... 4d*5s!
Ta{13) —Xb Cote, ..« . .« 5d36s?

Physical Properties

The physical properties of the group VA clements, N, P, As, Sb and Bi and
also VB clements, arc given in Table 20.2 (a) and (b) respectively.

Table 20.2 (a). Physical properties of group VA elements.

Properties N P As Sh Bi
Atomic No. 7 15 33 51 83
Atomic Wt 14.01 30.98 7491 121.76 209.00
Quter electron 2572p3 3s23p3  4s24p? 5s25p? 6s%6p?
confliguration
L]
Covalent radius (A) 0.74 110 1.25 1.44 1.45
lonic radius M*$ 0.11 0.34  0.47 0.62 0.74
lonization energy (ev)  14.50 11.00 10.00 8.60 8.00
Melting point (°C) -210 44 817 630 271
(white) (sublimes) :
Boiling point (°C) -196 280 633 1640 1560
Elcctronegativity 3.07 2.10 2.00 1.80 1.70
Oxidation states 3w+ -3.0. 0,35, 0,35 0,35
: 1.3.4.5,

Oxidation potential (v) N*3/N*S P3PS As/As*?  Sb/Sb*? Bi/Bi*?

-0.94 +0.49 -0.25 -0.21 -0.32

Thus we sce from the Table 20.2 (a) that transition from non-mctallic
properties is very much pronounced. N and P are primarily non-metals whereas
Sb and Bi show metallic behaviour. Arsenic exists in several forms and sublimes
before it boils. N, molccule is one of the most stable molccules and requires
morc than 225 kcal to break into atoms. P is less stble.

As mentioned before V, Nb and Ta are transition clements and have metallic
propertics of heavy elements [Table 20.2 (b)].
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Table 20.2 (b). Physical properties of group VB elements.

Properties Vv Nb Ta
Atomic No. 23 41 73
Atomic Wt 50.95 92.91 180.88
Outer electron
configuration 3d3452 4d*ss! 5d3 6s?
Covalent radius (A) 1.31 1.41 1.43
Tonic radius M*3 0.59 0.70 0.71
lonization energy (ev) 65.70 6.50 6.10
Melting point (°C) 1710 2450 2850
Boiling point (°C) 3000 3300 4100
Electronegativity 1.45 1.23 1.33
Oxidation states +2, +3 +3, +4 +3, +4
+4, +5 +5 +5
Oxidation Potential (v) Viv+? Nb/Nb*S Ta/Ta*?
1.5 0.62 0.71

Chemical Properties of N, P, As, Sb and Bi

The outermost clectronic configurations of N, P, As, Sb and Bi all have
s’p? clectrons making the total number of valence clectrons equal 10 5. The
oxidation siates of these elements show that N forms compounds having
oxidation states -3,-2, =1, 0, +1, +2, +3, +4 and +5, Phosphorus has
oxidation states -3, 0, +1, 43, +4, +5. But As, Sb, Bi arc known to give
oxidation states of 0, 43 and +5 only. In +3 compounds the two unshared
electrons are s electrons or as hybrid of s and p orbitals.

The clectroncgativity values from N to Bi indicate that the elements tend 10
form covalent compounds with non-metals. In the covalent compounds of N, a
total number of clectrons around the N nucleus is never greater than 8 since only
s and p orbitals are available for sharing of electrons. Thus the clectron structure
of N atom may be represented by :

152252 2p,'2p,! 2p,!
using three bonds. The other elements of this group may form bonds by
utilising their d orbitals. Thus N forms NH, and NCl,, but P in addition to PH,
and PCls, can also form PCls and PFs. In aqucous solutions, P, As, Sb tend to
form 4 bonds rather than 3 even in their trivalent derivatives.
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Thus in chemical propertics, these five clements show regular gradation of
propertics which are characteristics of group relationships. Some of the points of
similarities and gradations in propertics may be cited as follows :—

(1) N being most clectroncgative, forms more stable nitrides with metals

having probably ionic bond. Phosphides and arscnides are formed but are not
very stable. No such compounds arc formed by Sb and Bi which give alloys.

(2) The stability of the hydrides, MH,, decreases markedly, NHj is a stable
compound, PH; unstable and AsHj very unstable. SbH, and BiH, have flecting
existence. The basic propertics also decrease from NH; 1o PHy 10 AsH4. NHy is
mosl basic but PHj, is less so, whercas AsH; does not combine with acids at all.

(3) Numerous oxides are formed by N and P and others but the acidic
character decreases from N o Bi. Thus,

N2O;
P20,
N,O5 As,0,4 Bi,04
P,0s Sb;05
Distinctly acidic Amphoteric Distincily basic

As,Os and Sb,0s are unstable. Bi,Os has not been isolated, but sodium
bismuthate, NaBiOs, having Bi*? is a well-known oxidizing agent

(4) N and P and all the others of this group give trichlorides and
oxychlorides. But they are hydrolysed in different manners indicating the change
from non-metallic state. Thus,

NCl; + 3H;0 = NH;+3HOCI

PCly+3H,0 = 3HCI+ H,PO,
AsCl; + HO = Not hydrolysed
SbCl; +H,0 = SbOCl + 2HCI
BiCl; + H,0 = BiOCI + 2HCI

Sb and Bi may have normal salts in concentraled solution of the acids, such
as BiCl, in conc HCI or Sby(80,); in conc H;SO4. But in water they form oxy-
salts which come out as precipitates. BiF; and Bil; are insoluble in cold water

and are inert.
—32
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(5) Normal compounds containing SO,72, NO,™!, CO,2 are not formed by
N, P, As and cven by Sb. Such salts of Bi are known.

The behaviour of the gradation of properties from N 1o Bi indicates that the
transition from non-metal to metal takes place gradually. N and P arc definitcly
non-metal. As and Sb may be classed as metalloidic while Bi is distinctly
metallic in character. It is to be noted that +3 state of N. P and As exists as
oxyacids in aqueous media. The more basic Sb*? and Bi*3 cxist as positive ions
giving BiOCl and SbOCI. The metallic character of Bi may be attributed 10 the
greater distance of the valence clectrons from the nucleus which has much less
attraction for p3 clectrons in bismuth making the 6s? electrons quite inert. The
chemistry of nitrogen and phosphorus are now described separately. Afier one has
grasped the family behaviour as outlined above, the descriptive chemistry of the
clements will be easier 1o remember,

NITROGEN

Nitrogen is one of the most useful elements. Along with phosphorus it is
an essential element for plant and animal life.

Sources of nitrogen : (1) Air—78% by volume.

(2) Chile salpetre, NaNO,, and salt petre, KNO,,

(3) Soil contains NH,-salts and nitrates.

(4) Animal and vegetable materials as in proteins and plants.

Preparation of nitrogen : (1) Nitrogen is most conveniently isolated

from the air in which it is present 10 the extent of abdut 78% by volume.
Various methods have been adopted to scparate nitrogen from air. For cxample.

(a) When air is passcd through KOH to absorb CO, and H,0 and and then
through heated copper for removing oxygen as CuO, nitrogen is obtaincd. In a
small scale oxygen may be removed by bumning phosphorus.

(b) On industrial scale nitrogen is obtained by fractional distillation of
liquid air.

Nitrogen isolated from air by cither method may contain small quantities of
oxygen and inert gases of which argon is the main constituent.
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(2) Pure nitrogen is obtaincd by heating a solution of ammonium nitrite,
NH4NO,, which decomposcs 10 give Nj
NH,NO, = Np+2H;0

In practice, a mixture of NaNO, with NH,Cl is heated gently to start the
reaction; NH4NO, is normally difficult to store because it is unstable :

NH.Cl + NaNO, = NaCl+2H,0 +N,

(3) Nitrogen is also obtained by the oxidation of NH,. Various methods
have been adopted for the reaction :—

(1) NH; passed over heated CuO gives Ny
2NH;+3Cu0 = 3H,0+N;+3Cu
(b) 8NH;+3Cl = Np+ 6NHCI
(©) 2NHj+3CaOCl, = 3CaCly+3H0 + N,
(4) Ammonium dichromate, (NH),Cry0;, when heated, Nj is evolved
vigorously (volcano experiment) :
(NH,Crp)7 = Cr;03+4H0 + N,
(5) When sodium azide, NaN3, is heated very pure nitrogen is obtained
2NaN; = 2Na+ 3N,
(6) Urca on heating with a nitrite in presence of H,SO, gives N :
NH,CONH; + 2HNO; = CO+3H,0+2N;

Properties of nitrogen : Nitrogen cxists as a diatomic gas, Nj at
ordinary temperature. The gas is colourless and only slightly soluble in water. It
docs not support combustion or respiration but it is not poisonous. The lack of
reactivity in nitrogen molecule, Np, may be attributed 1o the triple bond which is
the most stable diatomic molecule :

eNgsiNg or N=N

LI

N, colecule contains one ¢ bond and two 7 bonds between N atoms and
thereby rotation between N atoms is impossible. In order 1o dissociate N,
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molccule into atoms, 225 Kcals/mole are required. Thus the lack of chemical
reactivity of N3 and easy dccomposition of many nitrogen compounds 1o give N,
can be explained.

The wriple bond is nitrogen is different from other triple bonds and does not
show tendency 10 undergo addition reactions. for instance, acetylene, HC = CH,
organic nitriles, RC =N, and some nitroso compounds, (N = O*), have triple
bonds but show great reactivity and undergo addition and displacement reactions,
N; rcacts only at high temperature by fist becoming active due to elevation of
bonding electrons to higher encrgy levels followed by triple bond breaking into
N =N and then N—N and finally N in atomic condition,

Nitrogen is a very clectronegative element and assumes every oxidation
state from -3 1o +5 as shown in the following compounds :—

Compounds Oxidation states
NH;, NH * -3
N3Hg4 (Hydrazine) ~2
NH;OH (Hydroxylamine) -1
N, (element) 0
N;O (Nitrous oxide) +1
NO (Nitric oxide) +2
N;0O3 (Nitrogen trioxide)

HNO, (Nitrous acid) +3
NOj; (Nitrogen peroxide)

Nz0O4 (Nitrogen tetroxide) ] +
N,Os (Nitrogen pentoxide)

HNO,(Nitric acid) } 5

Reactions of Nitrogen

1. N; reacts with H, at about 600°C in presence of catal yst (Fe and Mo) and
under pressure 10 give NH; (Haber process) :

N1+ 3”2 = ZN'H?, +238 Kcals



NITROGEN AND PHOSPHORUS 501

2. N, reacts with O, under the influence of clectric spark. This happens also
at the time of ligh-ming flashes in the atmosphere and NO is formed which
combines with more O, to give NO, :

N, +0; = 2NO,-43.2 Kcals
NO + O, - NO; = N,0,
3. N, reacts with CaC; at high temperatures to give CaCN, :
CaC, + N, = CaCN, +C
4. Some metals, such as Li, Ca, Mg, Ti ctc. react with N; at high
lemperature to give nitrides containing N-3 jons :

N; +3Mg = MgN,
N, +2Al =2AIN
N+ 6Li =2Li;N

5. AL, O; reacts with N, in presence of C at high temperature to give AIN :

N, + ALO; + 3C = 2AIN + 3CO
6. N2 reacts with a mixture of Na,CO; and C on heating to give NaCN :
N; + 4C + Na,CO; = 2NaCN + 3CO

7. N, does not combine with halogens by direct reactions because of high
heat of formation.

Uses of Elementary Nitrogen

(1) Large quantities of N, arc uscd in "fixing” atmospheric nitrogen, such as
making NH; which in turn are used to manufacture fertilizers, nitric acid and
other nitrogen compounds.

(2) Nitrogen is used 1o provide an inert atmospherc in certain chemical
processes.

(3) High temperature mercury thermometers are filled with N, to measure
lemperature upto 500°C.

(4) For prescrvation of food in tin cans which are filled with N,.

Atomic nitrogen : When a stream of nitrogen is passed under very low
pressure through a tube and subjected 1o high tension discharge, it produces a
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glow of yellow colour, This has been attributed due to the production of atomic
nitrogen in the active form but there are some doubt about its atomic naturc
although expcriments prove that it is more reactive than ordinary nitrogen,

The nitrogen cycle : Atmospheric nitrogen is the source of all nitrogen
containing substances. Nitrogen is also an essential constituent of all plants and
animals. Plants obtain their nitrogen through their roots mainly in the form of
ammonium and nitrate compounds. Legumens, such as peas, get the nitrogen
from air by means of nitrogen fixing bacteria found in the nodules on their roots.
These- nitrosifying and nitrifying bacteria convert atmospheric nitrogen into
nitrites and nitrates which are assimilated by plants in the form of proteins.
Quite a large quantity of nitrogen is<onverted to NO by the photochemical and
clectrical phenomena in the atmosphere. NO takes up more O, from air to
become NO, forming HNO, and HNO, with water. These acids are washed down
to the soil by rain water and rcact with oxides to form nitrites and nitrates in the
soil. Soil baclenia also oxidize the nitrites to nitrates. Also some bacteria change

ammonia into nitrites while denitrifying bacteria decompose nitrites and nitrates
to free N, which gocs to the air.

Animal get the nitrogen in the form of proléins by fecding on plants and
other animals, When these animals and plants are dead, the decay products of
both return nitrogen to the soil in the form of nitrates and ammonia and then the
free nitrogen gocs back 1o the aumosphere. Thus a complex cycle of N, from air
through the soil to the plants and animals and then to the air maintains the
nitrogen balance in nature.

Fixation of Atmospheric Nitrogen

Fixation of atmospheric nitrogen involves the combination of nitrogen of
the air with some other elements 1o form subsequently useful compounds. The
various processes used for the fixation of atmospheric nitrogen are :—

1. The Haber Process for NHy @

600°C
Nz + 3H, 200 atmos NHy
2. The Arc Process for NO :

2000
Nz = 02 _%"‘) ZNO
electric arc
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3. The Cyanamide Process for CaCN,

CaC; + Ny |0______*|K}°C _CaCNz'

4. The metallic Nitride Process forming AIN :
Al O; + 3C + N;—— 2AIN + 3CO
5. By the nitrifying bacteria in the soil nitrogen is fixed.

These processes have been described in their respective places in this book.
The primary products, such as NH3, NO, CaCN,, AIN arc gencrally converted 1o
other useful nitrogen compounds or are used as such where possible. The
processes mainly aim at the production of fertilizers.

Compounds of Nitrogen
Ammonia

This is the most important hydride of nitrogen having formula NH;. Other
hydrides of nitrogen are NyHy (hydrazine) and hydrazoic acid or azoimide, HNj.
NH, is present in small quantities in air duc to the decay action of

nitrogenous organic matlers.

Preparation and production -of N!;: In the laboratory ammonia gas is

usually prepared by heating an ammonium salt with calcium hydroxide or lime.
Any alkali evolves NH; from ammonium salts but CaO is preferred because of

its chcapness and drying action :
2NH,Cl + Ca0 = 2NH; + CaCl, + H;0

Metal nitrides may also be decomposed by reaction with H;O to produce
NH; by hydrolysis :

Mg,N, + 6H;0 = 3Mg(OH); + 2NH;
Production of NH;

(1) From coal : During the destructive distillation of coal, ammonia gas
comes off with the coal gas along with many other volatile products. It is
dissolved in water and the resulting solution when trcated with lime gives off
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pure ammonia which is cither absorbed in water to produce liquor ammonia or
else absorbed in H,S0,4 10 form (NH,),SO; and is used as a lertilizer.

(2) The Haber Process "
N, + 3H; = 2NH; + 23.8 Kcal

The above reaction between N, and H, developed by Haber is an exothermic
and reversible reaction and the cquilibrium constant K is given by the expression
g - INHP

= 3
[(N2J[H;]
temperature and high pressure give greater yicld of ammonia. But the reactivity
of N, with H; at low tempcratures is so low that no NHj is produced. Even at
high pressure the yicld is very small. Haber solved the difficulties by means of
using heterogencous catalyst. Of the many catalysts, such as—(a) fincly divided
Fe mixed with Mo, (b) Fe,0, mixed with SiO,; (c) Ni and sodamide etc., the
more efficient catalyst has been a mixture of Fe,05 and potassium aluminate.
Temperature of 500°C and pressure from 200 atmospheres to 1000 atmospheres
have been used to get the maximum yield.

Decrease in volume and evolution of heat occur. Hence low

N, from liquid air and H, from water gas or natural gas are the main sources
of the gases.
NHs is removed by liquefaction and the residual or uncombined H; and N,

are recycled through the reaction chamber. The flow sheet of the process may be
represented simply as :

Liquid air (N
— compressure — catalyst chamber
Natural gas— (H;}—/ 200 atmos. Fe,04 + KAIQ,
500—600°C
recycled
200-1000 atmos
pressure
N2 + Hl
uncombined

liquid NHy «—  liquefier «—— NH; .gas+ N, + H,
Flow sheet of synthetic manufacture of ammonia.
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(3) The Cyanamide Process : CaO on heating with C in an electric furnace
gives CaC; and when N is passed over crushed CaC, mixed with some CaCl; at
1100°C, CaCNj, is formed.

CaCNj, on hydrolysis with sicam under pressure in an autoclave gives NH;:
CaCN; + 3H,0 = CaCO; + 2NH,

NH; evolved is absorbed in water or is converted 10 other ammonium
compounds, such as (NH,),SO, or urca.

Physical properties : (1) It is colourless gas with characteristic irritating
odour. (2) Itis lighter than air. (3) It is easily liqueficd. The liquid boils at
-33.35°C and turns to white crystalline solid on cooling. (4) The hcat of
vaporisation of liquid NH; is very high cxcept water, and hence used as a
refrigerant. (5) NH; is soluble in water, ether and alcohol. NH; is completely
removed from the aqueous solution on boiling.

Chemical properties : (1) The weakly basic character of ammonia is very
familiar and most of the chemical propertics of NH; can be explained from its
structure. The Lewis structure is :

H
H x N ¥
H

But the structure of NH; has been proved 1o be tetrahedral using sp? hybrid

orbitals by N in NHj as given in Fig. 20—1 with the lone pair at one comer of

the tetrahedraon.

The pair of clectrons 2s? have acquired bonding characteristic due to its
merging with the p orbitals and forming sp? hybrid orbitals :

N— 1s? |2s2 2p,! 2p,! 2p,’

sp?
The lone pair situated at one comer of the tetrahedron occupies large volume

of electron cloud and repels the N—H bonds which accounts for the large angle
between H—N—H of about 107°. If NHjy is formed by pairing of clectrons in the
simple 2p,'2p,12p,! orbitals of N with one electron from cach of the three
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Q"‘a u«

Fig. 20—1. Shape of NHy molecule, In effect, the shape of NH3 will be pyramidal
because of the lone pair occupying one comer of the tetrahedron. (a)
Tetrahedral model, (b) Overlap of s orbitals of 3 hydrogen with sp?
orbitals of N, (¢) Elfective pyramidal model.

H atoms, the angle between each H—N—H should have been 90° since p,, Py
and p, arc at right angles to cach other. Hence the bonding lone pair NHy is

responsible for its chemical propertics, Thus,
(a)  H;N:+ HY—>3 [NH,]*
)N+ H: 02— HN:=H: 0>
i i

[NH,]* +[OH]™

F
©H,N* + B:F - N *BF

(d) Hydrogen bonding in NH; molecules and in its aqueous solution.
2) For the same rcason H;N : forms a large number of complexes with
mctal ions
Ag' + INH; <= [Ag(NH;)J*
Cu*? + 4NH, <= [Cu(NHj)]*?
Crt? 4+ 6NH; == [Cr(NHj)e)*?
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(3) NH; also shows weakly acidic propertics since the three H may be
replaced by metals :

H H H Li

| . | I I

H—N Na—N Ag—N Li—N

| i | |

H H Ag Li
ammonia sodium amide silver imide  lithium nitride

The compounds are formed when the metals are heated in NH; gas. But these
compounds are rcadily hydrolysed in H,O since H,O is a stronger acid than NHy :

NaNH, + 2H,0 = NaOH + NH,OH

(4) Comparison of H,0 and NH; systems : There is analogy in the
amides H—NH, and water H—OH systems. It means that NH,~ and OH™ may
be interchanged in many compounds and similarly =NH group is analogous to
=0 group. The analogy of H,O and NHj systems are given by the following

examples :
Properties H70 system NI 3 system
1. Ionization H* + OH~ H* + NH,™
or H;0"+0H™ NH4* + NH; (lig.)
2. Base KOH 4 KNH,
3 id = NH,*CI™
o H,0*CI- €l
4. Solvolysis Mg(OH)C1 Hg(NH,)Cl1
(hydrolysis) (ammonolysis)
5. Solvates CuCly.2H,0 CaCl,.2NH,
6. Neutralization KOH + H30* CI™ KNH;+NH,Cl1
= KCl+2H,0 = KC1+2NH;
7. Hydrogen bond Strong Weak

H—OH bond H—NH bond
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Thus the replacement of - OH by -NH; gives the following products in

acids :—
OH
0,5
OH
sulphuric acid
OH
oC
OH
carbonic acid
Similarly,
H
I
H—N
I
H
ammonia

OH /N H,
0, s\ ozs'\
NH, NH,
sulphamic acid - sulphamide
OH NH;

A 7]

(.‘IC\H2 0\

NH,
carbamic acid carbamide (urea)
HSO, HSO, HSO,
HN HON SO,
}Ii F:SO; [—I150_1,
amidosulphonic imidosulpho-  nitrilosulphonic
acid nic acid acid

(5) Other propertics of ammonia may bc given by the following

equations:—

heat

(a) 2NH; + 3Cu0 —— N, + 3Cu +3H,0

heat

(b) 2NH; + 3Mg 2 MgsN, + 3H,

burns

(c)4NH; + 3 0 — 2N+ 6H,0

700°C

(d)4NH;+5 0, W 4NO + 6H,0
(e) 8NH; + 3C1 ———— 6NH,Cl + N,

Liquid ammonia : Liquid ammonia is an associated solvent like water. But
HNH bond in NH; is weaker than HOH bond in H,O. The property of NH; as
an associated solvent is less pronounced than H,O. But liquid NH; possesses the
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ability to dissolve many alkali and alkaline carth mctals. The free metals can be
rccovered by evaporation of ammonia. The alkali metals dissolve in liquid NH,4
giving bluc solution without the evolution of H,. The blue colour is due to
ammoniated clectron.

K + Lig NH3 = K + e (NH3)
But H:O giVCS H; .
Na + H,0 — NaOH + H,
This is due 10 the reduction :
2]"’30+ : 2@ —» 21"{20 52 Hz
Dilute solutions of Na and other metals in liquid ammonia are blue in
colour and concentrated solutions have bronze colour. They conduct electricity
like metals. It is believed that free clectrons are present in the solution as
solvated products :
Na = Na‘+e
Na* + XNHJ = Na{NH3},’
e~ + yNH; = e (NHa)y

Evaporation of a solution of mctal in liquid ammonia gives the original
metal. In presence of catalyst liquid ammonia solution of alkali metal gives H;
because of the reaction.

2K + 2NH; — 2KNH; + H,
Ammoninm Salts

General properties : All ammonium salts containing univalent NH,*
radical bchave like alkali metals salts. NH,CI, (NH,),S0,, NH4NO,, i.e., salts
=]

of strong acids, closely resemble alkali metal salts. The size of NH4* 1.48 A is

almost the same as that of Cs* ion and a hiule larger than K* ion (1.33 f\). All
ammonium salts are very soluble in water except the following :—

NH,C10, (NHg)3[Co(NO,)e) (NH4),P1Clg

NH,- salts of strong acids arc slighuy hydrolysed in water but those of weak
acids, such as carbonate, acctale, cyanidcs elc., arc very much hydrolysed :

NH,CN + H,0 = NH,OH + HCN
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‘When NH,- salts of non-oxidizing acids are hcated they decompose (o give
NH; and acids in gascous states :
NH4Cl == NH; + HCI

NH.;HCO; = N-Hj + H;OO;
U
CO; + Hzo

But NHg- salts of oxidizihg acids give N; or N;O
(NH,),Cr,0,
NH4N03 = N20 + 2”20

CEZO] +N2 + 4H20

Some of the important ammonium salts are deseribed here.

(1) Ammonium sulphate, (NH,);S0O,: The ammonical liquor

obtained from the manufacture of coal gas is decomposed by lime and the
liberated ammonia and stcam is passed through dil HySO4 1o give (NH4),S0,.
The synthelic ammonia is also absorbed in H,SO, 1o produce (NH,),SO4.

This is also obtained when NH, gas and CO, arc passed through powdered
gypsum, CaSOy, suspended in waler :

CaSO4+ 2NH3 + CO, + H,0 = (NH,);50, + CaCO,
(NH4);SOy, is largely uscd as a fenlizer and for making other NH,- salts. It

is rapid action fertilizer and supplics N; to the plants at a rapid rate.

(2) Ammonium nitrate, NHNO,: This is prepared by passing NH;
gas in HNO; and also by double decomposition betweon NaNO, and (NH,4),S0,

2NaNO; + (NH4),504 = 2NH4NO; + Na, 50,4

NH4NO, is used in explosives. NH,NO, with Al powder known as
Ammonal and NH,NO; mixed with T.N.T. known as Amatel are high
explosives.

(3) Ammonium chloride, NH,C! : This is much used in the
laboratory as a reagent. This is obtained when (NH,4),S0y is boiled with NaCl
solution and also by absorbing NH, gas in HCI.
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NHLCI dissociates on heating 1o NH; + HCI :
NH,Cl == Nl + HCI

It is for this rcason that NH,CI is used as a flux in soldering because it
cleans the oxide-coated surface of the metal :

CuO + 2N“4C] = CUC]I + 2NH3 + “20
It is also used in dry, cclls.

(4) Ammonium phosphate, (NHy);POg4: The normal (NH,),PO, is
actually formed from (NH,),11PO;4 when the aqueous solution of (NH,),HPO, is
saturatcd with NHj gas. On cvaporating HyPOy which has been saturated with
NH; gas, the compound which crystallises out, is (NH4);HPO,4. The controlled
ncutralization of H,PO, with NH;y produces NH4H,;PO4. DAP which is
diammonium-phosphate (NH,);HPOy is used as fertilizer.

Ammonizm phosphate is used as fertilizer and for fire-proofing of umber.

Microcosmic salt is NaNH PO, H,0. When Na;HPO, and (NH,),HPO4 in
the ratio of Jare mised in aqueous solution and crystallised, the crystals consist
of NaNH ;HPO4.H,0. The sparingly soluble microcosmic salt is also formed
when Na,HPO, and NH,C1 arc mixed together in molar proportions in aqucous
solution and crystallized.

Microcosmic salt is used for identification of metals and also silica in
qualitative analysis as in the case of borax bead test. The microcosmic salt
forms colourless bcad on a platinum wire and becomes coloured with a trace of
metal oxide due to the formaticn of coloured mctal phosphate. Silica gives the
familiar skelcton-like mass with this salt in a similar manner,

(5) Ammonium carbonate, (NH,CO3: When NH4Cl or (NHg),S0,
is heated with CaCO; the product is (NH,),COs. This is extensively hydrolysed
in watcr and cven in the solid state it smclls of NH;. Some ammonium
carbamate s also formed during the reaction :

(NH,);CO4 == NH,COONH, + H,0

(6) Ammaonium sulphide, (NH,),S : When H,S is passed in aqueous
NH, the first product is NH HS, but at lower temperature and cxcess of NH;
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the normal salt (NH,),S is formed. It is also extensively hydrolysed and casily
decomposed in the solid state to NH; and H,S.

Ycllow ammonium sulphide is obtained when H,S is passed in NH4,OH to

which fine powder of sulphur has been suspended. The yellow ammonium

sulphide has a ycllow colour and contains a polymer having —S—S—S§8—
chain. This compesition is generally expressed as (NH,),Sx. This is uscd in

qualitative analysis because it dissolves sulphides of As, Sb, Sn forming thio-

salts from which the sulphides are precipitated by adding dilute acids.
Ammonium amalgam : When ammonium salts are clectrolysed with a

Hg cathode, the metallic mercury is supposed to contain freec NH4* ion which is

stabilized in Hg by incorporating an extra clectron. It is difficult to arrive at any
conclusive picture about the free NHg* ton in Hg except as an alloy, i.e.,

NH,—Hg.
Hydrazine. N;H,

Hydrazine is another hydride of nitrogen. This is obtained by the following
mcthods :—

1. On oxidizing NH, by NaOCl in presence of alkali and gelatine or glue
which prevent sidc reactions :
NH; + NaOCl — NH,CI+ NaOH
NH; + NH,Cl + NaOH — N;H, + NaCl + H;0

Chloramine, NH,Cl, is an intermediate compound. N,H, remains in the
solution and is crystallised as hydrazine sulphate, N,Hy.H,SO4, er chloride,
N;H4.HCI, by adding respective acids. When these crystals are distilled with
KOH under reduced pressure, N;H,.H,0 is obtained as distillate.,

2. By reducing nitric oxide with Na—Hg in presence of saturated solution of
K;505:

2NO +8H = N2H4H20 + H;O
N;HoH,0 + BaO = N,H, + Ba(OH),
N,H,HCI + CH;ONa = N;H, + CH;0H + NaCl

Hydrazine is a fuming liquid, boiling point being 114°C. Anhydrous NoH,
is thermally stable but highly reactive. The free base is not obtained by the
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action of alkali on acid salts, such as N,H,.HCI but the reaction always gives
NquHzO .

N,H, may be regarded as the analogous of H;O, with which it is

isoelectronic. Hydrazine may thus be regarded as a difunctional amine,
NH;.NH;:

H:O:OsH Hs N3Nt H
H H

Properties of NoI, : (1) On heating, N,H, is decomposed into ammonia and
NI H
NzH.‘ = N+ 4NH3
(2) It burns in air and reacts vigorously with halogens :

N2H4 + 02 N2 + 2H20
N2H4 + 2Cl2 = CIHN—NHCI + 2CI™

4
N, + 2HCI

(3) Aqucous NyH, is weakly basic :
Nzl‘l"l‘ H30+ = N;Hs‘ + H;O
Hydrazinium ion
Nz}i‘ + HCI = N2H5’ + ClI™
Zﬂ+z + 4N1H4 = bmzm).;‘z
CH;Br + N;H; = CH;NHNH, + HBr
Nucleophilic displacement on carbon
N,H, is a reducing agent. "One electron” oxidizing agent, such as Fe*? and
Ce*4, Cu*! or halogens yicld N,. In basic solution, the yicld of Nj is
quantitative. The quantitative reaction with iodine can be usced 1o determine
hydrazine :
N,H, thus behaves as a good reducing agent and a base.

N;H, + 2I; = N, + 4HI
-a3
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The reaction of N,H, with H;0, (both liquids) gives N, and steam (both
gases) with high liberation of energy accompanied by tremendous increase in
volume and the mixcd liquids have been used as rocket fuels:

Nz]‘{,‘+2H202 = Nz"‘ 2}'{20
Hydrazoic acid, HN;, and Azides

Hydrazoic acid or azoimide, HN,, contains 98% N, and is explosive in the
pure state. It can be studied in aqucous solutions. HN; can be prepared as

follows:—
(1) The sodium salt, sodium azide, NaN,, can be prepared by nucleophilic
attack on N;O with sodamide :
NaNH,; + N,O = NaN, + H,0
(2) By the action of HNO, on N,H, HCI
NaH4 HCl + NaNO, = N,H;,.HNO, + NaCl
N;Hs. HNO; — HN; + 2H,0
(3) By the action of NCl; on NH, :
N;H, + NCl; = HN, + 3HCI
Properties of hydrazoic acid : It is a colourless smelling liquid and detonatcs

violently on shock. It is a weak acid and reacts with both oxidizing and reducing
agents :

I'].N; + 4E!? 3NH3
2}IN1 + O = 3N2 + Hzo
Azides : Metals, like Zn, Fe, Al, Mg, Hg and Pb react with HN,-giving

azides. With Mg, H, is also libc:ated but othe  metals give NH; and other
nitrogen compounds :

]

The azides are unstable ¢ impounds and some of them are used as explosives.
Pb(N3); (lead azide) is us- . as a detonator for military explosives.
The lincar structure of HN; and also the azide ion Ny~ has been proved :
H
§Ns 2Ntz Nz
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The three atoms of N in the azide ions also lie in the same straight line. H
is not is the same line and the formula can be writien as,
H -
W
N=N=N
Hydroxylamine, NH,0OH

Hydroxylamine, NH,OH, may also be regarded as a nitrogen analogue of
H,0, or a derivative ol ammonia. 1L is prepared by the following methods :—

(1) Hydroxylamine is prepared by the reduction of HNO, with H;50;. 1tis
an cxample of reduction-reaction that procceds in shifts of two clectrons by
formation and breakage of covalent bonds. In actual practice, NaNO; is reduced
by SO, in presence of Na,CO4 at low temperature. Sodium salt of
hydroxylamine sulphonic acid is first formed which on hydrolysis gives NH,0H:

(]
| . SO,Na
HO—N=0 + 3:S—ONa —— HO-N
nitrous acid N SO Na
H + Nu,$05 + H,0
H
w _ SONa H I
HO—N .~ + | -——> HO—N—8O;Na + NaHSO,

40

H
I
HO—N + NallSO,
I
H

(2) Electrolytic reduction of nitric acid also gives NH,OH. The reduction ol
HNO; oceurs at the cathode. HNO; is first formed which is reduced to NH,OH
HNO; + 2H = HNO,+ H,0
HNO; + 4H = NHOH+H0

(3) When NO is reduced with Sn + cone HC

NO + 3H = NILOH
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(4) Ethyl nitratc on reduction with Sn + HCl ;
C3HsNO;3+ 6H = NH,OH + H;0 + C,HsOH

NH,0H prepared by the above methods is an aqucous solution. Anhydrous
NH,0H can be prepared by the following processes :—

(1) By the reaction of hydroxylamine hydrochloride with sodium mcthoxide
in alcoholic solution :

NH,0H.HCl + CH3;0ONa = NH,0H + NaCl + CH;0H

NH,0H is somewhat solublc in alcohol and is separated from insoluble
NaCl. Methyl alcohol is removed by distillation under reduced pressure.

(2) Hydroxylamine phosphates on heating gives NH,OH :
(NH,OH);.H;PO,—— 3NH,0H + H;PO,4

Properties of NH,0OH : (1) It is needle-like white solid, melting point
33°C. I is soluble in water and in cther. It is thermally unstable.

(2) It is an active reducing agent and reacts violently with halogens and other
powerful oxidizing agents :

2NH,0H + 2Cl, N,0 + H;0 + 4HCI

2NH,0H + 4FcCly

]

4FCC‘2 + N20 + H;O + 4HCI

(3) NH,OH also acts as an oxidizing agent in alkaline medium evolving
NH] :

NH;OH + 2F¢(OH); + H;0 = 2F¢(OH); + NH,4

(4) Like hydrazine, NH,OH forn < salts with HCl and H,S0O, and are
available in these forms :

NH,OH.HCI NH,OH.H,S0,

These compounds are cxamples of addition compounas. NH,OH may be
considered as a derivative of NH; in which one H has been replaced by OH :
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H H H

l I B LY}
H—l\lu HO—N 3 H:O:N?

l L1} ae

H H H

" Nitrogen halides : There are no dircct reactions between N, and
halogens. Only NF; and NCly are known. NBrjy or Nl; arc doubtful compounds.
But NH3(NX3) type of compounds are formed with Bry and 1(X=Bror 1).

NF; is obtained by the reaction of NHy and F; :
NH; + F, — NH,F + HF
NH,F + F, — NHF, + HF
NHF + F, — NF; + HF
Electrolysis : NH,HF; + 12F = 2NF; + 10HF

NF; is a colourless poisonous gas and a very stable molecule. It reacts with
stcam :

2NF; + 3H,0 = 6HF + NO, + NO

NCl; is a highly explosive compound. It is obtained by the reaction of Cly
with NH4Cl1 or NH; and also by the action of HOCI on NH; :

NH,CI + 3Cl,
NH; + 3HOCI

NCl, + 4HCl
NCl, + 3H,0

1]

NCl, is an oily liquid and cxplodes violently even on exposure to light.

The stability in the case of NF; has been attributed to the partial ionic
bonding between N and F although NCI; and NF; both are shown to have

covalent bond using the tetrahedral sp? bonds of nitrogen :

tFsNsFs T
(1] a;. o0 N
o.? F/I\F

F

Lewis structure . Tetrahedral structure
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In effect, NCl, and NF; have pyramidal shapes. The cnergy released on
breaking the NCl; bond is tremendous :

INCl; = N, +3Cly+ 111 Keal

Oxides of Nitrogen

Nitrogen froms oxides having oxidation state from +1 to + 6. Some of the
important oxides are given in Table 20.3 indicating their formula, name,
structures and reactivities. The structures given do not represent the actual
distributions of clectrons but give only the total number of electrons involved in
the formation of the molecules. Molecules having unpaircd clectrons must, as a
rule, show the resonance structure due to the shifts of the clectrons from the
paired to unpaired state. &

Nitrous oxide, N,O : (i) When ammonium nitrate, NH;NO,, is gently
heated, nitrous oxide, N,0, is formed ;

NII4N03 = N20+2H20

This is oxidation-reduction reaction in which N of NH,* is oxidized by N in the
NO;~ ion. The heating of NH;NO; must be gentle, otherwise explosion may
occur.

(1) N,O i1s also obtained from NH,OH being oxidized with NaNO;, CuSOy,,
FeClyetc :

NHZO” - HNOz = N)_O + 2H20
(ii1) N,O is also formed when Zn reacts with dil HNO; :
4Zn + 10HNO; = 4Zn(NO;3), + SH,0 + N3O

N;O is a colourless gas with pleasant taste and odour and when inhaled it
produces hysicrical laughter. Hence its name is laughing gas. N;O is
isoelectronic with CO, with which it forms mixed crystals. N,O does not react
with H;O or alkalies. However, hyponitrous acid, H,N,0,, gives N,O on
dehydration.
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N7O is not very reactive but has the tendency 1o release N; and O, which
gives it reactivity when heated. N,O then reacts with S and P in the heated
condition : '

S+2N0 = SO, + 2N,

N0 is oxidized to NO by strong oxidizing agents, such as KMnO,.

Table 20-3. Oxides of Nitrogen.

Oxn.
Formula  Structures stalesof Name Colour Reactivity
N
= Nitrous Colourless Uureactive
N>20 N=N-0 +1 Side s
e’ Nitric oxide Colourless  Reactive
NO or +2 gas
N=0
Ny Oy O=N—0O-N=0 43 di-Nitrogen Blue solid  Dissociated as
trioxide gas
Nitrogen Brown gas Reactive
NO, O&N-0 + peroxide
Q=N -0 Nilrolgcn Colourless Dissociated as
N0y ! A tetroxide gas gas & liquid
O+N=0
0 0O
Il T
N,Os N—O—N +5 Nitrogen Colourless lonic
l I pentoxide solid
0 0
NOy Colourless
or NOy — +6 — solid Unstable

N,O has all the atoms in a line and possesses.resonance structure :

sﬁ:stsaﬁ—;zN:sstB:

L)

N;O does not decompose at room temperature but dissociates into N, and
O, when heated at above 560°C.
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Nitric oxide, NO : There are various ways of preparing NO :—
(i) Heating Cu tunings with conc HNO; :
3Cu + 8NHO, = 2NO + 3 Cu(NO;), + 4H,0
(ii) Pure NO is obtained by heating FeSO, with KNO, and H,80,:
2KNOj; + 6FeS04 + 4H,S0, = 3Fey(504)3 + K504 + 2NO+ 4H,0

(iii) By the reaction of NaNO, and KI in presence of H,SO,, pure NO is
obtained :

2NaNO;+3H,S0,4 +2KI = 2NaHSO4 + K504 + 2NO + 2H,0+1,

(iv) N, and O, combine in the arc process in presence of platinum. NH3 may
also be oxidized to NO :

N,+0;, = 2NO 2NHy+50; = 4NO+6H,0

NO is a colourless gas but rapidly takes up O, from the air to form NO,
which is brown-red. The reaction is reversible at room tempcerature.

2NO + 0; = 2NO; or N;O,4

NO is readily absorbed in FeSO4 solution forming intensely brown
solution, FeS0,.NO or [Fe(NO)]*? ions actually [Fe (NO)(H,0)s]*2 with is used
in NOy™ test.

NO acts both as a reducing agent and an oxidizing agent. Thus NO oxidize
H;S0, 10 H,SO4

NO is oxidized by KMnQO; solution to HNO,.
NO is an odd molecule and has an unpaired clectron :
- o o ™
‘N0 IN2 O

NO easily forms nitrosonium or nitrosyl ion (NO*) by losing the odd
clectron as in the case of NO*CI™ (nitrosyl chloride), NO*HSO4~ (nitrosonium
bisulphate), NO* ClO4— (nitrosyl perchlorate).

Odd molecules are defined as molecules containing odd number of electrons
in their outer electron level, such as NO (5+6=11) and NO, (5+12=17). The odd
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unpaired clectron is not confined to a specific orbital of nitrogen or oxygen atom
in NO but it is said to be "dclocalized”, The unpaired clecuon is present in an
orbital which is combined to both N and O.

Dinitrogen trioxide, N;O3 : When a mixture of one part of NO and one part
of NO; is cooled, it becomes a blue liquid at -21°C and [reczes 1o a blue solid.
On warming the equilibrium gas mixture is again formed :

heat
N,03 = NO + NO,
cool

It is also obtained by the action of HNO, on As,05
As;03+ 2ZHNO; = As5)O5 + HyO + N,O4
When N,O, gas is passed into aqueous KOH, the product is KNO; :
N,O;+ 2KOH = 2KNO, + H,0

The structure is amibiguous containing both ONONO and N—N bonds.
N2Os is an acidic oxide being the anhydride of HNO2.

Nitrogen peroxide, NO;: NO, and Nitrogen tetroxide, N;Oy - NO, is
preparcd by heating P{(NO5), -

2Pb(NOy); = 2PbO +4NO, + 0,

When Cu reacts with very concentratcd HNO, in the heated condition, NO,
is evolved :

NO; is commercially formed when NO is exposed 1o air as the deep brown
coloured gas :

INO + 0, = 2NO,

At ordinary temperature NO; is in cquilibrium with its dimer, N,Oy, but at
the higher temperature N, O, is dissociated into NO,
2NO; = N;04

N,O, is a colourless gas. In the solid state and at low temperature N,Oy4

predominates since it is colourless. At higher temperature the colour becomes
intcnse brown because of predominance of NO, :
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NGO, is absorbed in alkalis to form both nitrites and nitrates :
2NO; + H)O = HNO;+ HNO4
NO, is an acidic oxide. :

NO; also contains an odd number of clectron, The resonance forms are

(0] ‘0 (0]
{ T [
°N N N
I I !
O O 0,
N,y is represented as
0 0
l T
N—O—N
L Il
0] (0]
OXYACIDS OF NITROGEN

Nitrogen forms a scrics of oxyacid. The most important of these are the
following :—

1. Nitric Acide, HNO,.

2. Nitrous Acid, HNO,.

3. Hyponitrous Acid, HINO or HzNzOg.
Nitric acid, HNO;

Nitric acid is onc of the most important chemicals for industrial use. It has
been manufactured from NaNQ, or KNO; since the days of alchemists. Now-a-
days other methods for the manufacture of HNO, have been developed. Generally,
the following methods are uscd for large-scale production of HNO;.

(i) From nitrates : HNO; was produced commercially by healing a
mixture of NaNO; and conc H,SO,. The charge of NaNO; and H,SO, is taken in
cast iron retorts and heated to about 200°C when HNOj is distilled off :

NEINO; b H;SO.; T N3H504 + I‘iNO].
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Al ordinary lemperature the reaction is-reversible and an equilibrium is
established. But HNO; boils at 83°C and H,S04 boils at 338°C and the solid
NaNO; are not volatile, the HNO, formed is readily distilled. The distillate is
passed through water-cooled silica tubes to condense the conc HNO, first. Fumes
of HNO; escaping condensation is scrubbed with cold water and collected as
dilute HNO,. The yellow colour of HNOj; is due to dissolved NO, and is
removed by distillation in vacuum,

(it) From air (Arc process) : Air (which contains mainly N; and O,)
is subjected to high tension electric discharge or passed through an arc at
temperature of above 3000°C. Ny and O, combine to give NO.

N+ O, == 2NO —43.2 Kcal

The endothermic reaction gives only about 5% conversion at 3000°C. On
cooling NO combines with more O, to form NO, :

2NO +02 = 2 NO:

The brown fumes of NO, is washed with water on counter current

principle, i.c., the gascs and vapours going upward and water trickling downward
in quartz vessel :

2NO,+H,0 = HNO, + HNO,
NO +NO, +H,0 = 2HNO,
3HN02 = HNO] +2NO + H}O

The escaping gascs may contain some NO and NO, and are absorbed in
alkali solutions to produce NaNO, :

NO + NO; + Na,CO; = 2NaNO, + CO,

This is one of the processes for the fixation of atmospheric nitrogen. The
high cost of electricity and low yicld of HNO, has led to the discontinuation of
the process.

It has been estimated that in nature about 40 million tons of nitrogen is
fixed annually as a result of electric discharge during lightning and other
photochemical phenomena,
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(iii) From ammonia (Ostwald’s Process) : This process consists of the
oxididation of ammonia to NO and NO 10 NO; which with water gives HNO;.

Ammonia mixed with 10.times its volume of air and heated to 600°C is passed
through a converter containing platinum gauze which acts as a catalyst. NHy is

oxidized o NO :
4NH3+ 50; = 4NO + 6H,;0 + 215 Kcal

The exothermic reaction proceeds without supply of heat except the initial
heating. About 90% ofNHj is converted to NO. Additional air is admitted to
cool the mixture and oxidize NO 1o NO, :

2ZNO+0,; = 2NO, + 27.8 Kcal

The mixed gases containing NO, NO,, unreacted N, and O, etc. are passed in
an absorption tower on counter current principle where HNO, is formed :

3NO; + H,0 = 2 HNO; + NO
NO is retumed to absorption tower with morz air.

Pure HNOj; is made by distillation of the product under reduced pressure and
passing ozone to the distillate. Distillation of an aqucous solution of HNO, leads
to a constant boiling mixture when the concentration of HNO, is 68.4% at
122°C. Pure HNOj is obtained from this mixture by distillation in presence of
H,S80,.

Fuming HNO; is a red liquid and is made by bubbling NO, gas into
concentrated HNO;. Fuming HNO; reacts more wigorously with many
substances.

Properties of HNO; : 1t is a fuming liquid, miscible with water and has
a high vapour pressure. Concentrated acid gives off NO, by light and heat. Nitric
acid has the following electronic formula :—

-
-

as
L]
-

a0

H—O—-N->0

Q=
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In fact, NO; group of HNO, has a triangular arrangement and has a
resonating structure :

| Ea
HO O HO 0
The NO5™ ion, thercfore, has three different contributing structures :

i . g . N
| ! 1

3
A% | AN
0 0 _ 0 0_1 O 0

The unstable nature of HNOj; is shown by its decomposition to NO; and O,
when heated :

4 HN03 = 4N01+02+2H20
Nitric acid exhibits three types of propertics @ (a) Acid properties, (b)
Oxidizing agent, (c) Nitrating agent.

(a) HNO; as an acid : This is illustrated by the [ollowing equations : When
nitric acid rcacts with bascs, such as metal oxides, hydroxides and carbonaies to
produce metal nitrates and watcr. In dilute solution HNO; is completely
dissociated into H* ions and NO, ™ ions. Hence HNO; in dilute solutions behaves
as an acid. Thus,

Cu0 + 2HNO,
Mg(OH), + 2HNO,
CaCO; + 2HNO;

Cu(NO,); + H,0
Mg(NOﬂz + 2"20
C;l(NO;)z + H;O + C01

With Mg and some sulphides in dilute solution, it evolves Hy or H,S as the
case may be :

Mg + 2HNO,
MnS 4+ 2HNO,

Mg(NOy); + H;
Mn(NOy); + H,;S
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(b) HINO; as an oxidizing agent : Nitric acid is a powerful oxidizing agent.
The reduction products of HNO; are N; or one or more of-the nitrogen
compounds, such as N,O, NO, NO,, NH;. This depends upon three factors : (i)

Acid concentration ; (ii) nature of the reducing agents ; (iii) temperature of the
reactions.

The oxidizing actions of HNO; may be classificd-according to the nature of
reducing agent as follows :—

(a) Action of HNO; on metals : In dilute solution with possibly Mg
only, HNO; bechaves as an acid liberating H,. But with other metals the
oxidizing actions predominate. Au and Pt do not react with HNOj5 under any
condition. Although the reduction products may be a mixture of nitrogen
compounds, but for the sake of simplicity the following points may be
remembered for writing the equations :

HNOj in extremely dilute solutions gives NH;. (Change of oxidation
number of N from +5 10 -3).

HNOj in very dilute solutions gives N,O (Change of oxidation number of N
from +5 to +1).

HNO; in dilute solution gives NO (Change of oxidation number of N from
+5 10 +2).

HNO; in concentrated solution and hot condition gives NO, (Change of
oxidation number of N from +5 to +4).

HNO, vapour passed over red-hot metal gives N, (Change of oxidation
number of N from +5 to (),

(1) Zn, Fe and Sn with cxtremely dilute HNO; in the cold give NH; which
combines with excess HNO; 1o form NH,NO, :

4Zn + 10HNO,
4Sn + 10HNO,

I

4Zn(NO;); + 3H,0 + NHNO,
4Sn(NOs); + 3H,0 + NH:NO,
(i1) Zn reacts with very dilute HNO3 in the cold to give N,O :

ll

4Zn + 10HNO; = 4Zn(NO,), + N,0 + 5H,0
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(iii) In the ordinary conditions the dilute HNO; always produces NO. This
is thc most common reaction product of HNO; with metals in dilute conditions
(moderately) and also whenever HNO, acts with any substance in aqucous
solutions :

JCu + 8 HN03 SCU(NOJ)z +2NO + 4H20

3JAg + 4HNO, 3AgNO; + NO + 2H,0

I

With Hg, NO is formed. Dilute HNO; gives Hg,(NO;), but conc HNO;
gives Hg(NOs)9.
(iv) In concentrated and hot condition most metals react with HNO; to give
NO, :
Cu + 4 }'{-NO'_I' = CU(NOJ)I + 2N02 + 2H20
Fe + 6 HNO; = Fc(NOy), +3NO + 3H;0

(v) When HNO; in the vapour form is passed over heated Cu nitrogen gas is
evolved ;

5Cu + 10 HNO; — 5Cu(NO,); + 6H,0 + N,
Cu(NO;), formed may also be decomposed to CuO and NO,.
Passive condition :

Some of the metals in concentrated HNO; are rendered Passive and no
action takes place with Fe, Cr, Ni, Co and even Al This happens particularly
when the metals are pure and HNO; is also pure. Impurities in metals and in
HNO; produce vigorous rcactions possibly due to the electron transfer by sciing
up miniature galvanic cells. '

(b) Action of HNO; on non-metals : Non-metals, such as S, C, I,
cic. are oxidized by concentrated HNO, in the hot condition cvolving NO, and
the oxyacids or oxides of the non-metals :

C + 4HNO, €O, +4NO;+2H;0

S + 4HNO; = H;SO4+6NO; + 2H,0
P + 5HN03 = H3P04+ ]0N02+ HJO
I, + I0HNO; = 2HIO; + 10NO; + 4H;0
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(¢) Action of HNO; on compounds in selutions : In aqucous
solutions HNO; is always converted to NO :
3H,S + 2HNO; = 38 + 2NO + 4H,0
3Fe*2 + HNO; + 3H* = 3Fe*? + NO +2H,0
But compounds when heated with concentrated HNO, give NO,
SO; + 2HNO; = H;S0, + 2NO,
PbS -+ HNO; — PBb(NO;); + PbSO, + NO,
CuS + 8HNO; = CuSO,+8NO, +4H,0
There are some metals like Au and Pt and also compounds, such as HgS,
which are not oxidized by HNO, at all. Such substances can be oxidized by
means of a mixture of HNO; and HCl in volume ratio of 1 : 3. The mixture is

known as Aqua Regia. HNO; oxidizes HCl to form Cl, and NOCI (nitrosyl
chloride). The formation of chlorocmplexes of the metal facilitates the reactions :
HNO; + 3HCI = 2H,0 + NOCI +Cl,
HgS = Hg*? + §2
4CH- J 2HNO,

chhhz S+ NO} + HJO

(d) Nitration reactions of HNO;: These reactions gencrally take
place with organic compounds. Thaus, nitration of glycerine is carried out with

HNO; mixed with H,SO, to absorb the H,0 formed :
C3H5(OH)3 0l 3HNO] = CgHs(No;)g + 3!‘!10

The reaction of HNO; with H;SO, produces NO,* cations which reacts with
organic molecules by an atom or group of atoms originally present. Thus, TNT
18 formed by nitrating toluene in presence of H,SO,

CH,C¢Hs + 3HNO; = CH;C¢H,(NOy), + 2H,0

Uses of HNO;: (1) It is used as an aclive oxidizing agent. (2)

Manufacture of explosives, T. N. T., dyes, plastics, drugs cic. (3) Nitrates are
uscd as ferulizers,



NITROGEN AND PHOSPHORUS 529

Nitrous acid, HNO,

HNO; is obuined in solution only. Pure HNO; has not been isolated
because it is unstable. Even in solution it decomposes to form HNO; and NO :

JHNO, = HNO; + 2 NO + H,0
It is obtained by dissolving N,O, in waler at ice-cold temperature :
N;O3+ H;0 = 2 HNO,
HNO; is formed when Ba(NO,), is treated with H,S0,

HNO; is a weak acid in solution. It acts as an oxidizing agent towards

strong rcducing agents and also as a reducing agent in presence of active
oxidizing agents. HNQO, itsclf cannot be isolated from solution since it
decomposes casily.

NaNO; or KNO, in H,50, has the same action as HNO, solution. Hence,
whenever HNO; is required it is used in the form of NaNO,.

HNO; is oxidized by KMnO4 or H;0; or halogens :
2KMnOy + 3H,50, + SNaNO, = K;SO,4 + 2MnSO, + 2H,0 + SNaNO,
H,0, + NaNO,

NﬁNO} + H)O

Bry + NaNO; + H;0 NaNOs + 2HBr
HNO; oxidizes K1 to I, in presence of acid :
2KI + 2HNO, + H,S0, = 1+ 2NO + 2H,0 + K,50;
SnCl, is oxidized to SnCly :
SnCl; + 2NaNO, + 4HCl = SnCl4 + 2H,0 + 2NO + 2NaCl
H,S + 2NaNO, + H,SO4 = § + 2NO + Na,S0O,4 + 2H;0

Sodium nitrite, NaNO,, is produced from NaNQ; by heating with Pb or
coke : -
NaNO; + Pbh — NaNO, + PbO
NaNO; +C — NaNO, + CO
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HNO, has the structure

HiO1N::O or HO—N = O

The presence of unshared pair on the nitrogen imparts basic and reducing
properties to HNO,. The N = O double bond gives the acid and oxidizing
propertics. —NO; ion is also a coordinating agent and coordinates as — ONO in
some cascs as in Na,Co(NO,),.

NaNO; is uscd in industry for the manufacture of dyes. Thus, when cooled
aniline is treated with HNO, it gives the diazonium base which on coupling with
other molecules, such as phenol, gives bright coloured dyes:

C,HNH,+HNO, =  CHiN=NOH+H,0

Hyponitrous acid, H,N,0,;

The salts of hyponitrous acid are generally made by reducing NaNO; or
NaNOz with sodium amalgam (Na—Hg) giving NapN,O,.Ag-salt is precipitated
from NayN,O, by adding AgNO;. Silver hyponitrite when reacted with HCI gas
in cther gives HyN,0, in the ether solution. On cvaporation the solution
H;N,0; is obtained :

2 NaNO, + 8H 2B, NauN,0, + 4H,0

NHQNIOQ +2A3N03 ——tY AﬂzNzC‘: + ZNJ.I\O'i

cther

Ag,N,0, + 2HCI — 2AgCl + H,N,0,

K,N,0, is also obtained by clectrolysing KNO2 solution. Hj is evolved at
the cathode which reduces KNO; to K,N,0;. H3N30; is a white erystalline solid
having the formula :

H:O: 3 OsH OH OH
N srh =
(L] zsﬂl N:N

All hyponitrites have also got the same structure :
NaOQ — N = N—ONa
H,N,0, gives a Ph-salt with Pb acctate and Ag-salt with AgNO;. The
Ag-salt, AgoN,O,, is soluble in acid but not in ammonia, Nay,N,O; and also
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NaHN;0, are formed. The cthyl derivatives have also been prepared having the
composition (C;H;s);N,0;. The formula HyN,O, is supported from the vapour
density measurements. The presence of azo group, —N = NO, is supported from
the decomposition of CH;ON = NOC 05 which gives Ny :

C,Hs0—N = N—OC,Hs — C,H;OH + CH,CHO + N,
PHOSPHORUS

Phosphorus is the second element of the nitrogen group. Although in many
respects the chemistry of P resembles that of nitrogen as mentioned carlier and
shows the gracdation in propertics, there are some marked contrasts as well,

Comparison between N and P

1. Nz occurs in nature in the free state, P never occurs in the [ree state, In
fact, phosphorus is the only clement of the group V which does not occur in the
free state.

2. The clectronic structures of N and P arc :
N—1s22522p?
P—1522522p%3573p?
3. N, is an active gas whercas P is highly rcactive in its white
maodification. The strength of P = P bond is much less than N = N bond.
4. N, is diatomic ; P is tetra-atomic (P5) at ordinary condition.

5. Nitrogen combines with Oz only at the high wemperature in electric arc.
Phosphorus burns in air on exposurc liberating cnergy.

6. HNOj; and HNO; are strong oxidizing agents whereas H PO, and H (PO,
arc very weak oxidizing agents.

7. PHj is a greater reducing agent than NH.

8. Nitrogen forms double and triple bonds but such bonds in phosphorus are
not common.

9. In aqueous solution N can exist as NH,*, NO5~ and NO;™ ions. Whercas
P can exist as HPO;2, PO, and such other ions.
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10. Trivalent P is a greater reducing agent than trivalent N or trivalent As.
This is a departure from the general gradation of propertics in the Periodic Table.

Occurrence of P : Because il is very reactive with O,, phosphorus does not
occur free in nature. It occurs as :

Phosphorite—Ca;(PO,);
Fluorapatite—CaygF,(PO4)g or 3Casy(PO,),.4CaF;
Chlorapatitc—Ca; oCl;(POg)g or 3Cas(P0,),.CaCly

Phosphorus is essential to plants and animals ;" bones, teeth and cven
muscle tissues contain P. Foods, such as eggs, beans, milk etc. provide P.
Plants take up P from soil as soluble phosphatcs.

Preparation of phosphorus : White phosphorus is obtained from bone
ash or a mineral phosphate. The flow sheet of the preparation is given below.

(a) Phosphorus from bone ash :
Gelatinein water  Fats in CS,

boiled l CS2
~with H30 Bon degreased bones

ldistil]ed

bo h i i
ncash high Boné charcon) burnt bones free from

Cay(POy);  temperature nitrogen substances

Boncs

1H1504 (cone)

heat

+

H;PO, — HPO;—°_5 white P

cok
heat
(b) Phosphorus from phosphate rock : Phosphorus is commercially obtained
from phosphate rocks, Ca;(PO;),, by reduction with carbon in presence of silica
(Si03) in an electric furnace heated by two stout carbon electrodes to
temperatures of about 1500°C :

2Cay(POy), + 6510, + 10C = 6CaSiO; + 10CO + P,
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The phosphorus is distilled off and condensed to the solid state or may be
burnt into Py0s, i.c., P40y, for the production of other compounds of P. The
slag of CaSiO; along with CaF,; or ferrophosphorus (formed from impuritics in _
the ore or from apatite ore) is drawn off from the bottom of the furnace in the
molten state. At the temperature of about 1150°C, P,Os is formed which is
converted to Py at about 1500°C :

CQJ(PO.;JI + 35:01 = 3CaSi03 o PzOs
2P205 +10C = P, + 10 CO

The crude P is purified by mclting under watcr and adding an oxidizing
agent, such as Na,CryO,, in presence of some acid and filtered through canvas

bags. The pure P is cast into sticks and stored under water.

Properties of P : (1) The well-known white phosphorus is a wax-like

thing, having low mclting point of 44°C and it boils at 280°. It is volatile and
rcadily soluble in CS,.

(2) It is spontancously inflammable in air and is poisonous. It is, thercfore.
stored and worked under watcer in which it is insoluble.

(3) The solid as well as the vapour consists of discrete molecule consisting
of P4 tetrahedra, cach P shares a pair of clectrons with cach of the three other P
Each P has one lone pair of electrons as shown in Fig. 20—2.

o </

(4) Phosphorus gives green glow in the dark, the phenomenon is known as
phosphorescence.

Fig. 20—2. P4 molecule.
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(5) In the vapour state at very high temperature P consists of P, molecules
similar to Nyie. CP:::P2).

(6) ‘White P is converted to red P, another allotropic from, by heating to
230—400°C in iron retorts in absence of air. The change is catalysed by a trace
of iodinc :

P (whitc) = P (red) + 4 Kcal

White P changes to red P slowly on cxposure to light. Red phosphorus
consists of aggregates and, because heat is liberated during the change from white
P to red P, the heat of combustion of red P is lcss than that of white P. 1t docs
not inflame in air at ordinary temperature and is insoluble in CS,. It is much

less rcactive and not poisonous. Its mclting point is 593°C. A black varicty of P
is also formed which is electri¢ally conductive having lamcllar structure like
graphite,

Reactions of Phosphorus

(a) Reaction with oxygen : P has ignition tecmperaturc of only 35—45°C
and hence it burns spontancously due to the initial slow reaction of P with

atmospheric oxygen at room temperature. Depending upon the supply of
oxygen. P40, and P,Og may be formed :

P4 + 50, — P40y0 (ample supply of O,)
Ps+ 30;,— PyOg (limited supply of O;)

(k) Reactions with I, : P does not react with Hj in the clementary state.
hydrides of P are obtained by reaction with alkali.

(c) Reaction with halogens : P rcacts dircctly with all halogens forming
PX;. The rcacuons with F; is very vigorous :

P, + 6F; — 4PF; (colourless gas)
P4+ 6Cl, = 4PCl; (colourless liquid))
P4 + 6Br, = 4PBr; (colourless liquid))

P4 + 61, — 4Pl; (orange solid)
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(d) Reactions with metals ; Alkali and alkaline carth metals react with P on
heating forming phosphides like niuidps. e. g., NayP, Ca,P; cic.
(e) Reactions with lINQOjy : P is oxidized to H,PO,4 by conc HNO, :
P + 5HNO3 = H,PO, + 5NO,; +H,0
(f) Reaction with alkali : P rcacts with NaOH to give PHy :
4P + 2H,0 + 3NaOH = PH; + 3NaH,PO,

(8) Reactions with S : With § it combincs on hcating to form P,Ss, P,S,
and P,S,o depending on the ratios of the components used and the reaction
conditions,

Red phosphorus : By heating white P alone or in light or in presence of
a catalyst, such as iodine, it produces the allotropic modification of phosphorus.

Properties of red P : (1) Red P is non-poisonous. (2) It is insoluble in CS,.

(3) Chemically it is less reactive than white phosphorus.

Uses of Phosphorus

Phosphorus is used in,

(1) Manufacture of matches.

(2) Production of acids of phosphorus and their salts for fertilizers.
(3) Special alloys, such as phosphor bronze.

(4) In incendiary bombs and explosives.

Match Industry : Formerly white phosphorus was used in the

manufacture of matches, but workers in the factory suffered from Phossy jaw or
nccrosis of the bones. It has now been replaced by phosphorus sulphide, P,4Ss,
and also in safety match by antimony trisulphide, Sb,S;.

Three types of matches have been developed : (1) Lucifer matches, (2) safety
friction matches and (3) safcty maiches.

Lucifer matches and friction matches consists of P,S,yatl the lip of the
match-head together with KCIOs, sulphur, sand and binding material (glue). The
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stick is impregnated with ammonium phosphate and paraffin. These matches can
be lighted by striking anywhere on a rough surface.

The heads of the safety matches contain no phosphorus but Sb,S;mixed
with an oxidizing agent, such as K;Cr;0; or red lead and fixed with glue. The
surface on the side of the box consists of red phosphorus and powdered glass
mixed with glue. The head of the safety match can be lighted only on rubbing
against this special surfacc on the side of the match box. It is not ignited by
friction anywhere else. The glass powder or sand is added to reduce scnsitivity of
the matches and 1o provide friction.

The match sticks are given initial coat of sulphur or paraffin to help
combustion. Impregnation in borax or ammonium phosphate solution prevents
the flame from glowing after it has been extinguished.

The match industry is now a highly mechanized process. The splints are
produced in machines from logs of wood and also the flat thin sheets of wood
which are made into boxes. The process of maich industry is highly automatic.
From the start to the finish the packing is donc by automation.

Compounds of Phosphorus

1. Hydrides of phosphorus : P forms a scrics of hydrides, the most
important of which is phosphine, PH;. Others are PyH,, PyoHe, PsH,PgHo.
Phosphine is a gas, P,H, is liquid and all others are sdlid.

PH, is preparcd by heating white phosphorus in a concentrated solution of
NaOH. Phosphine prepared in this way is spontancously inflammable forming a
fog of phosphoric acid when bubbled through water. The fog rise in the air in the
form of smoke rings :

Ps+ 3NaOH + 3“20 = 3N3H2m2 + PH3

It has been found that pure PHy is not inflammable, but prepared by the
above mcthod, it contains some P,Hy which ignites with PHa.

PH; is also formed by the reactions :
Ca;P; + 6H,0 —> 3Ca(OH), + 2PH,

acid

AIP + SH,0 = AI(OH), + PH,
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The reaction of O, (air) on PHy is given by the cqunu:tJn ;
PI’{] + 2 01 = HJPO‘
Non-inflammable PH; is obtained when P is heated with alcoholic solution
of KOH or when Ca,P, is reacted with HCI.

PHj is a much weaker base than NH; because it shows less tendency 1o
donate a pair of clectrons to a H* ion. PH; is decomposcd on heating 1o P, and
Hj. PH; combines with HCI, HBr or HI to form phosphonium compounds,
PH,CI, PH Br and PH,L. In aqucous solutions PH,*, ions arc unstable, casily
hydrolysed and give off PHy. PH,* ion is esscntially a strong acid :

PH4I + H,O = PHy + HI + H,0
PH,l is best obuained by the reaction of white P with iodine in CS, solution
to which water is added while heating :
9P + 51 + 16H20 = 5PH,I + 4H,PO,

Like NH,, phosphine forms coordination compounds, ¢. g. ClyB:PHs,

PHj has the same structure as NH; using sp? bonds of P in the wetrahedral
positions with a lone pair of clectrons at one corner. But P—H bonds are much
larger than N—H and also H—P—H angle is smaller than H—N—H angle :

.l. e e
/P\ /N\
i H H H
930 107°

H

Phosphorus halides : P forms the halides of general formula PX; and
PXs with all the halogens. Pls is not known. These are much more stable than
the corrcsponding compounds of nitrogen. Here only PCly and PClg are
described.

Phosphorus trichloride, PCly, is prepared by passing dry Cl, over molten

phosphorus :
P4 + 6{:!2 = 4PCI]
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It can also be prepared by the action of thionyl chloride on P
2P + 450Cl, =PCly + 250; + $,Clp

PCl, is a colourless liquid and is completely hydrolyscd by watcr 1o give
H;PO, and HCI, and cven in moist air:

PCly + 3H,0 = H3PO, + 3HCI

Generally, the phosphorus trihalides are rapidly attacked by water:
PX; + 3H,0 - H;PO, + 3 HX

These reaction are used for the preparation of HBr and HI.

PCly has the pyramidal structure given below in which P uscs the sp?
orbitals to form the bonds with 3Cl :

| 3N
/r\ x| X
Cl Cl
al A
The bonds may also be described as due to the sp* bonds of P as in PH; and
NH;. PCly can replace CO in Ni(CO)y forming Ni(PCls), showing the

coordinating action of PCl,.

Phosphorus pentachloride, PCls, is preparcd by oxidizing PCly with excess
of Clz .

PCl; + Cl; = PCls
Sulphury! chloride also gives PClg with P or PCl; :
P, + 1050,Cl, = 4PCls+ 10SO,

PCl; + SO,Cl; = PCls + SO,

PCl, is a straw-coloured solid and dissociates reversibly and sublimes :
PCls == PCly+ Cly

PCly is hydrolysed as :

PCls + H;0 = POCl, + 2HCI
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Excess H,0 gives

PCls+4H,0 = H,;PO, + SHCI

‘In the vapour and liquid state PCls has a trigonal bipyramidal structure as
given in Fig. 20—3.

Cl
p
~
.-5 ~
Fi ) Y
w
e =
~
Ci £ )
I, -..__‘ S
:F‘ ¢ 4":— <
o ----- ’I
] 4
by ’
A ’
Ve P
» '
\‘ rd
v
Cl

Fig. 20—3. PCls molecule.

The reason why PCly is formed and not NCls is that N atom having the
clectronic structure 1s? 2s? 2p? has no stable d orbitals available to form 5.

bonds by using 3s' 3pyx! 3py! 3p;' 3d' or 3s' 3p? 3d' (sp’d) hybrid
bonding orbitals.

In the solid state PCls consists of an ionic structure [PCLJ*{PCl]™. The

cation [PCL]J* has the tctrahedral structure and the anion [PCl¢]™ has octahedral
structure.

Phosphorus oxyhalides, POX;, are readily obtained by the action of PCs on
PgOs. ic., P401r_|:

6PX5 + P40w = 10POX3
Partial hydrolysis of PCls gives POCl; as mentioned before.POXj is

completcly hydrolysed in water :

P()x;+3Hzo = H]P04 + ]Hx
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The structure is tetrahedral as shown below :

0 02
1 Y
P P
AN 2%
X“| °x cI i cl
A cl

Oxides of Phosphorus
P forms several oxides of which P4Og, PO, and P40, arc well-defined.

The combustion of P in air gencrally produces a mixture of P4Og and P4O,.

Phosphorus(lll)oxides, P{g: This compound is often called phos-
phorus trioxide. It is a white crystalline solid having melting point of 22.5°C.
On heating, it is decomposed 1o red P and PO 4. P4Oy is made by burning white
P in a limited supply of air. With cold water P4Og gives H3PO3 but with hot
walter it gives H3PO, and PH, ¢

Py + 30; — PO
P4 2 6H20 ;] 4H3P03

4H,PO, 22, 3H.PO, + PH,

Phosphorus(V)oxide, P,0,,: 1L is commonly called phosphorus
pentoxide and is represcnted as P,Os. It is obtained by burning P in excess of air
or oxygen. It is a white flocculent powder and melts at 800°C. It is quite stable.
With water it forms H,PQ, and also HPOj (in limited amount of water) :

P4 0w+ 21‘{20 = 4HP03
PsOyp+ 6H,0 = 4H;PO,

P, O, is used as an cfficient drying agent and also for removing water from
many hydroxy compounds.

The structure of P4Og and P4 O, are related to P, molecules. Py tetrahedra
has six P—P bonds. In P;Og, cach of P—P bonds is changed 10 P—O—P
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bridge. If an extra O atom is auached 1o cach P in P,O,, it gives P, Oy, .
Sketches of these structural changes are shown in Fig. 20—4.
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|
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P4 P04 PsOyo

Fig. 20—4. Structures of P4Og and P40, in relation to Py

Oxyacids of Phosphorus

Phosphorus froms a number of oxyacids and these can be classified in two
groups :

1. Oxyacids of phosphorus (V).
2. Oxyacids of phosphorus (I1I).

1. The oxyacids of P(V) : The well-known oxyacids of +5 state of P
are:

H43PO, — Orthophosphoric acid.
H;P,0, — Pyrophosphoric acid.
(HPO;)n —Metraphosphoric acid.

The structural formula and the number of OH groups in the acids (basicity
of the acids) of P(V) acids are given in Table 20.4,

2. The oxyacids of P(III) : The oxyacids of P in +3 oxidation states are :
H3;P0O;—Onhophosphorous acid. |
H,P,05—Pyrophosphorous acid.

(HPO,),—Meciaphosphorous acid.
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Table 20.4. Oxyacids of P(V)(P*%).

Formula Structural formula No. of O lonization constanis
Rroups at 20°C
O
1 Ky =7.5x10"2
P
I(—])fl?;_ H—O— | —O—H 3 Kq = 62x10"%
(0]
:I K3 =1x10713
H
|
0 0 Kj = 1.4x107!
T l Ko = 111x1072
HyP20y B
P)'IDF H-—O—T-—-—O—ﬁ——m“ 4 K3 = 2'])(]0‘7
0 0 Kgq =40x10710
|
H
(HPO9)p (H—O—P—-O)
Meta— 13 n " =7
0] n = 6 or more

The structural formula and the number of OH groups in acids of P (111) arc
given in Table 20.5.

Table 20.5. Oxyacids of phosphorus(I1l) (P*3).

Formula Structural formula No. of Ol lonization constants
groups in aq. soln. at 20°C
H
|
H4PO, H—0—P—0O—H 2 K, =2x1072
Ortho- L Kz =2x1077
0
H 0
i T
HaP205 H-—-O-—E—O—P_O_—H 2 =
|
0 H
(HPO)q (H—O—P=0O)n n =

n = 6 or more
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Besides the above two groups of oxyacids of phosphorus we can also include
the following :
H
|
H;PO;—Hypophosphorous acid. O« P—OH
|
H

H,;POs—Permonophosphoric acid
H,4P,0—Perdiphosphoric Acid.

Orthophosphoric acid, H;P0, : This is also known as phosphoric acid
and is obtained by various processes.

1. When P40y is fully dissolved in water HyPO, is produced :
2. PCls on complete hydrolysis gives Hy;PO, :
PCls + 4H,0 = H;PO, + SHCI
3. Oxidation of P with HNO, :
P, + 20 HNO, = 4H,PO, + 4H,0 + 20 NO,
4. H;PO, is manufactured from Ca4(PO,); by heating with H;SO4: !
Cay(PO,); +3H,80,4 = 2H;PO, + 3CaS0,

Properties : H{POy has three replaceable H atoms because each H is

covalently bonded to O atom which is in turn bonded 10 P. The ionization
constants K, K, K of H;PO, indicate that there is only one srong H* ion, the

other two have decreased acid or ionization character:

K
HyPO, < H' + HPOSs
-

H* + HPO,™
v. Ky

]

H* + PO,
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Since PO4~? concentrations in HyPO,4 solutions arc exceedingly small
phosphates contining PO, ion are normally not precipitated from H3POy4
solutions. Generally for this purpose, compounds containing H,PO4~or HPO,™
ions such as (NH,);HPO, or NaH,PO, arc used. Morcover, H,SO,4 and HNO; arc
stronger acids than H;PO,because H,SO4 and HNOjy are fully dissociated into
ions in solutions whereas H;PO, is nol.

H,PO; thus forms three scries of salts containing H,PO4~, HPO42 and
PO,? ions which arc known as primary, sccondary and teruary phosphates. It is
cvident that in dilute solutions the soluble phosphates give acidic, less acidic and
basic reactions depending on the anionic species. Thus NaH,PQOy4 gives acidic
reaction. Na,HPO, slightly basic but NayPO, gives alkaline solutions :

HJ’O,{ + Hzo = HP04-2 o H}O‘

HPO.Q"Z + HIO = PO.‘_!"PH;O'
PO, + H,0 = HPO,/2+O0OH"

In concentrated solution and at high temperatures the reactions of H,PO,
become complicated by means of condensation reaction. The PO, groups having
the tetrahedral structure are linked together by sharing oxygen atoms forming in
the long run polyphosphate. This phenomenon of polymerisation is particularly
important when phosphates are heated to higher temperatures.

It is to be noted that when the ortho-phosphatces, particularly the primary
and the sccondary phosphates are heated, the products obtaincd may be meta-,
pyro- or poly-phosphates :

2HPOs 2% H,Py05

heat

200°C

- 2HPO; + H,0
heat
2Na,HPO, = Na,P,0, + H,0

Calcium superphosphate : Calcium forms three salts with phosphates,
Ca(H,PO,),, CaHPO, and Ca,(PO,),. The hydrogen phosphates are soluble to
some extent and are uscd as fertilizers for plants. This compound, Ca(H;POy),, is
prepared commercially by treating Cay(PO4), with HySOy ¢

Ca;(md)z + 21’{1804 + 41"20 = CB(HZPOQI + 2Casoq.2H20
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The mixture of Ca(H;POy4); and CaS0,4.2H,0 is called super-phosphate of
lime or calcium superphosphate. TSP or Triple superphosphate of lime is a
product containing higher percentage of phosphate. This is manufactured by
treating pulverized calcium phosphate, Ca;(POy),, with H3PO4 ¢

C'd}(PO.;}; + 4}'3?()4 = 3C3{l 12P04)2

Large quantitics of superphosphates arc produced for usc as fertilizers under
the controlled conditions of concentration of HyPOj, quantity of water, proper

mixing and formation of the granular products. MSP (monosuperphosphatc) is
also produced.

Pyrophosphoric acid, H ;05 This is prepared by heating HiPOq 1o
250°C -

2H,PO, = H,P,0,+ H;0
The reaction of H;PO, and HPO, at 100°C also gives HyP;0;:
H]PO4 + HPO; = H4P101

Pyrophosphoric acid is a white solid which melts at 61°C. It is gradually
hydrolysed to ortho acid in water. The normal pyrophosphates arc prepared by
heating dihydrogen phosphate :

2Na,HPO,
2CalPO,

I

Na,P;,0; + H,0
Ca,P,0; + H0

The well-known case of MgNH,PO, or ZnNH,;PO, formerly used in quanti-
tative analysis by ignition to Mg,P,;0; or Zn,P;0; depends on the reaction :

IMgNHPO, = Mg;P,0; + 2NHy + Hy0

Triphosphoric acid, HsP3Op, is formed by climination of two molecules of
H,0 from three molecules of H3POy.

Polyphosphate linkages have great biochemical importance. The cnergetic
hydrolysis of a complex-organic ployphosphaie known as adcnosine triphosphate
in muscle tissucs provides 10 Kcal of energy per mole of adenosine triphosphate.

—35
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Representing the complex organic part of the molecules as R—, the

following cquation may be written for the rcaction :
O o) (0]
T i ¥
R—O—P—O—P—O0—P—OH + H,0
| I |
OH OH OH
Adenosine triphosphate
0] 0 ; 0
{i T T
= R—0O—P—0—P—OH + HO— P—OH
| I |
OH OH OH
Adenosine diphosphate

-~

Metaphosphoric acid, (HPO;), : This is also obtained by a number of
methods as given by the equations :

(2) POy + 2H;0 = 4HPO,
-H,0
(b) HiPOy gootc HPO; +H0
(c) Pb(POy); + H,S = PbS + 2HPO,

Metaphosphoric acid forms transparent glassy product, called glacial
phosphoric acid. The P—O—P linkages in (HPO,), form rings and chains.
HPO; molecules polymerise to give (HPO,),. The acid is slowly hydrolysed to
give H3PO4. The salts of HPO,, i.e., metaphosphates are obtained by heating
dihydrogen phosphate, ¢.g., NaH,PO, :

nNaH2P04 = (NaPO,)n + nHzo

If the product is heated to 700°C and then rapidly cooled a glassy
Polymetaphosphate is obtained. This is generally known as Graham's salt and
has ben given the formula (NaPO,)g or Sodium hexametaphophate. This is not
the correct composition but it is rather more complex and contains a number of
different polyphosphate ions. This is also obtained by heating microcosmic sall,
NaHNH4PO,.4H,0. If the heated product is cooled slowly it gives (NaPO,),.

Sodium hexametaphophate is soluble in water and forms soluble compicxcs
with Ca*? cven when Ca is present as CaCO;, CaC,0,, CaSO; etc. This is,
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thercfore, uscd for removing scales from the boilers and softening of hard water
and as detergents. The detergent action is due to (i) complexation of Ca ion and
softening of water : (ii) formation of highly charged ions which attract particles
of dirt. The resultant dirt panticles repel one another and are rinsed off with water.

The distinctive tests for ortho-, meta- and pyro-phosphoric acids or their
salts in solutions are given below :

Ortho- Meta- Pyro-
Reagent H0, HP), HP0,
1. AgNOj Orange-yellow ppt. White ppt.  White ppl.
2. Albumin No change Coagulated  No change
3.  Ammonium Yellow ppt. X X

molyhdate

In order to test for PO,~? ions all phosphorus compounds must be
converted to the PO, form by oxidation with HNO,, It is HyPO, which gives
the yellow precipitate of ammonium phospho-molybdate with ammonium
molybdate. This is a sensitive test for phosphorus :

H_;PO;; 3 12(NH4)2M004 +21 H:NO; - (NH.;)]P0412M003
+21 NH4NO; + 12H,0
or (NHy)3 [PMo,304)

Phosphorous acid, H;PO;: This can bec made by hydrolysing P,Og.
PCl;, PBryor Ply:
PCly + 3H;,0 = H;3PO;5 + 3HCI

H,PO; is a white crystalline substance, deliquescent and highly soluble in
water with a garlic odour. It melts at 70°C. Its decomposition at 200°C is an
cxample of auto-oxidation-reduction reaction giving PHj and HyPO, :

4H]P03 = PH] + 3H3P()4
H,PO, has only two ionizable H indicating one H to be covalently bonded
with P :
OH
|
H—P-0
[
OH
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H,PO;4 and its salts phosphites are active reducing agents because these are
casily oxidized to H;PO, and phosphates respectively, Thus it reduces silver salts
1o Ag, mereury salts to mercurous salts and SO, to sulphur.

Two series of salts arc obtained having the compositions, as in NaH,PO,
and Na;H™0;. When NaH,PO, is hcated Na-salt of pyrophosphorous acid is
formed. Mctaphophiles are also polymers like metaphosphates.

Hypophosphorous acid, HyPO,: The solution which is left after the
preparation of PHy by the reaction of white P and NaOH, contains NaH,PO,.
H;PO,; may be obtained by the following reactions in which NaOH is replaced
by Ba(OH); for the preparation of PHy

3Ba(OH), + 2P, + 6H,0 = 3Ba(H,PO,), + 2PH,
Barium hypophosphite on treatment with H,SO, gives frec H4PO,

The filtrate on cvaporation gives a syrupy liquid. It is a mono-basic acid
having only one ionizable H* ion. The other two H are covalently linked o P :

H

I
HO—P-0

|

H

H;PO; gives only one scrics of salts known as hypophosphites.

These are soluble in water and alcohol and possess reducing propertics
because P*! is readily changed 1o P*3 state

HgPOz +Cl + H.0 = H3P03 + 2HCl
H;PO; + Fe*3 + 3“20 = HJPO] + 2]:6‘2 + 2“10

Perphosphoric acid : HyPOs is obtained on adding H;0, to P,Oy0 at low
temperature. HyP,0, on treatment with H,0, gives H P04 :

H3 PO, + HzOI = HjPOj + Hgo
HiP20; + Hy0, = HP0; + H0
The salts of these acids are produced by clectrolytic methods.
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Some Compounds of As, Sb and Bi

The compounds of N, P, As, Sb and Bi differ in their slability in some
cases and there is some departure from the regular gradation of propertics as well.
For instance, PCls is more stable than AsCls. Somc of the compounds of As,

Sb and Bi in their different oxidation states are given in Table 20.6 These give
some idca as regards the stability of the various oxidation states of the elements.

Table 20.6. Compounds of As, Sb and Bi.

Oxidation states As Sh Di

-3 AsH,4 SbH, BiH;

+3 ASJOG 5b40.5 B I.40§
As,Se §b,S5 Bi;S;
H3AsOy H35b0, —
NaAsO, NaSbO, -—
AsCl, SbCly BiCly

+3 As;O0p9 b0y -
H3AsO, H4SbO, HBIiOy
NayAsOj Na;ShO, NaBiO,
— SbClg -—

As, Sb and Bi form a large number of organo-compounds in conformity
with the properties of N and P which are cssential for organic substances as
mcentioned before.

Potassium antimonyl tartrate, KSbOCH,O, is formed when potassium
hydrogen tartrate and Sb,0, arc heated together. The product is known as tartar
emetic. The compound contains SbO*ion. It is used as a medicine.

Potassium pyroantimonate, K[Sb(OH)], 0.5H,0 or K,H,Sb,0,, SH,0 :

This is soluble in water and is used as a rcagent for Na* ion. The Na-salt of
pyroantimonate, Na[Sb(OH)g] is insoluble in water and hence on addition of

potassium pyroantimonate solution, in the hot condition, the sodium compound
is formed as a white precipitate.

Sodium bismuthate, NaBiO; : It is brown powder and the composition is
unccrtain. However, it is an oxidizing agent used in analytical chemistry and the
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composition is NaBiOs. It is particularly uscd for the detcrmination of
manganese in steel. Mn*2 in HNO; is oxidized to MnO,~ by NaBiO; :

2Mn*2 + 5 NaBiO; + 14H* — 2MnO, + 5Bi** + 5 Na* + TH,0

Antimony and Bismuth oxyhalides SbOX and BiOX: When excess of waler
is added to a solution containing Sb or Bi in, say HCI, SbOCl and BiOCI are
precipitated out from their respective solutions. SbOCI is white crystalline
substance. It is very slowly hydrolysed by water. It is insoluble in alcohol and
ether but soluble in CS;, C¢Hg and CHCly indicating covalent antimonyl

chloride, SbOCL. Other halides and nitrate and sulphate of antimony bchave
similarly :

SbCly + H,0 — SbOCl + 2HCI
BiOCl is more stable than SbOCI and is not hydrolysed by water or alkali.

Water in large quantity is, therefore, used as a reagent for Sb or Bi, the
presence of which is indicated by the formation of white precipitate.

N-F compounds

A number of compounds have been reported which contain N—P bond
together :

i [ |
H—P—OH H—P—OH H—P—NH,
OH NH, NH,
Phosphorous acid Amidophosphorous acid  Diamido pﬁosphomus acid

Cyclic Compounds of P : A scrics of phosphonitrilic halides (phosphazincs)
having the general formula (PNX;)n have ben prepared. These are polymers and
the most important is the trimer, P3N;Clg, having benzene-like ring. In fact, this
resembles the trimetaphosphate :

These are rubber-like substances (inorganic rubbers) but they are hydrolyscd
in water to give CIm, NHy* and H;,PO,.
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\ POOH
% £
e T
N N HOOP POOH
o T N
P 0
Cl,
Phosphazine Trimetaphophoric acid

The Yanadium Group Metals

The propertics of these transition metals are listed in Table 20°2(b) page 496
and comparisons of some of their compounds throw some light on their
chemistry. Because these metals arc wransition metals, they have variable
oxidation states due to five valence clectrons. Oxidation states of +5 is the
characteristic of V, Nb and Ta. For Nb and Ta it is the only important oxidation
state as in Nb;Os and Ta,Os. The difference of clectron arrangements in
Nb(4d?5s') and Ta(5d6s?) docs not affect their chemical behaviour. The
respective sizes of their ions arc almost similar which make their chemical
behaviour almost identical like those of Hf and Zr. Yanadium show variable
oxidation states.

Vanadium group metals are hard and have very high melting points. They
show passivity towards acids, particularly Ta. The compounds of V, Nb and Ta
are all obtained from their respective oxides V,0s5, NbyOs, Ta,0s.

QUESTIONS AND PROBLEMS

1. Give the preparation, propertics and uses of oxides and oxyacids of phosphorus.

2. Give a comparative study of the chemistry of nitrogen and phosphorus and that
of their compounds.

3. Starting with phosphorus how will you obtain phosphoric acid ?
How is phosphate detected in a solution ?

4. Describe the preparation, properties and structure of :—{a) Nitrous oxide and (b)
phosphorus pentoxide.
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Describe the methods for the synthesis of ammonia cxplaining clearly the
physico-chemical principles on which it is based. Explain what happens when a
solution of ammonia is added to —(a) silver chloride, (b) a solution of HgCl,,

(c) an alkaline solution of KI.

Write an account of the oxyacids of phosphorus. Discuss their properties and
constitution.

Write a note on the natural and antificial fixation of nitrogen.
Describe the various methods used for the industrial preparation of nitric acid.
Give an account of the chemistry of match industry.

How is nitric acid prepared industrially 7 What is the action of nitric acid on
copper, tin and zinc ?

. How is orthophosphoric acid prepared from—(i) bone ash, (ii) phosphorus ?

How is orthophosphoric acid converted into other phosphoric acids.

. Write a note on the match industry.

. Write an eassay on the fixation of atmospheric nitrogen.

14. Write notes on—(i) Chloride of phosphorus. (ii) Nitrogen tetroxide.

20.

21

7.7

23.
24,
25.

26.
s

. How would you prepare orthophosphoric acid from phosphate rock?
. Write a bricl note on action of ammonia on salts of mercury and silver? '

. Name the inorganic compounds containing nitrogen and phosphorus used as

fertilizers. Discuss in detail the manufacture of any two of them.

. Write a detailed account on the oxide of nitrogen with special reference to their

preparation, properties and structure,

. Discuss the uses of—(i) microcosmic salt, (ii) sodium cobaltinitrite, (iii)

stannous chloride, (iv) Nessler's reagent in analytical chemistry.

Describe the preparation and properties of the following :—(i) nitrosyl chloride,
(i1) nitrososulphuric acid, (iii) dinitrogen trioxide.

Write an analytical scheme for the detection and separation of arsenic, antimony
and tin in a mixture. Give important chemical equations.

Compare the chemistry of nitrogen and phosphorus, including their oxides and
oxyacids.

Compare the chemistry of nirogen and phosphorus.

Write a note on oxides and oxyacids of phosphorus.

"Nitrogen is an inactive gas”. Discuss.

Discuss the bonding systems and the shapes of NHj; and PCls.

Which of the oxides of nitrogen are designated as odd molecules. Write their
structures.



28.

29.
30.
1L
32

33.
34.
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Ammonia is a Lewis base. What happens when it reacts with HyO* ion in HCI
solution ?

Ammonia and hydrazine have some similar propertics, Discuss,

Why white phosphorus is stored under water ?

Why PCls is formed but no NCls occur ?

Phosphine is less stable and less basic then ammonia. Explain.

What is TSP ? How it is made ? For what purpose TSP is used ?

The formula for nitric acid is HNO; whereas that of phosphoric acid is H;PO,.
Why ?



CHAPTER 21
OXYGEN, SULPHUR AND CHROMIUM

(The Elements of Group VI)

The clements of group VI are sub-divided into two sub-groups—VIA and
VIB.

Group VIA Group VIB

0O — Oxygen

S — Sulphur

Se — Sclenium Cr — Chromium
Te — Tellurium Mo — Molybdenum
Po — Polonium W  — Tungsten

THE OXYGEN OR SULPHUR FAMILY
(The Chalcogens)

The clements of group VIA consisting of O, S, Se, Tc and Po are
sometimes called chalcogens (which means chalk-formers) as is the nomenclature
in the case of halogens (meaning salt-formers)! Oxygen, the first member of
group VIA, differs from the rest of the elements and hence the name Sulphur
Family is morc appropriatc. In this book, we shall mainly deal with some
aspects of chemistry of oxygen and sulphur and that of chromium [rom sub-
group VIB. The general chemistry and their relationships with cach other is
restricted to some salient features. The element polonium is radioactive element.

Table 21.1. Electronic structures of Sulphur Family.

A1 No. Elements Flectromic structure :ﬂ;:;i_‘,
8 0 He core, 25°2p° 25° 2]1“
16 S Ne core, 3s23p* 352 3p?
34 Se Ar core, 3d'%4s%4p* 4s% 4p*
52 Te Kr core, 4d'95525p? 5s% 5p*

8.1 Po Xe core ArM45d %6s26p? 652 6p*
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The electronic structures of the group VIA arc given in Table 21.1

The six ¢lectrons in the outermost energy levels are s2p* electrons in cach
of the clements. The group VIB clements are transition metals and will be
discussed at the end of this chapter scparately.

Before discussing the chemistry of the clements on the basis of s?p*
electrons, a list of physical propertics are given in Table 21.2

Table 21.2. Physical properties of the Sulphur Family.

Physical properties 0 S Se Te

Atomic No. 8 16 34 52

Atomic weight 16.00 32.006 78.96 127.61

Physical state colourless yellow red or silvery
gas solid grey sohd solid

Outer electron 25%2p 2 3s13p 2 4s24p 2 5s25p 2

orbitals ZP}-12P31 3Pyi3pzl 4Py14P;| Spylspzl

Atomic or covalent 1.32 1.74 1.9 2.03

radius (A) .

Ionic radius X2 0.47 1.06 1.16 1.44

ion (A)

lonization energy (ev) 13.60 10.40 9.80 9.00

Melting point (°C) -219 119 220 450

Boiling point (°C) -183 415 688 1390

Electronegativity 3.50 2.50 2.40 2.10

Oxidation potenual -1.23 +0.51 +0.77 +0.91

XX (v)

Oxidation: states +2, 0,-2, =2, 0, +2, =2, 0,+4, -2, 0, +2

-1 +4, +6 +6 +6

Comparison of Oxygen with Sulphur Group: Oxygen differs
from the rest of the Sulphur Family in many respects. for instance :

(1) Oxygen is a colourless gas, others are all solids with S as non-metal,
and the metallic character increase with the increasing atomic number.

(2) The six valence clectrons in these clements consist of s*p? arrangement.
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(3) Oxygen occurs abundantly in nature in the free state and both in the
inorganic and organic matcrials.

(4) Oxygen adopts generally the negative oxidation state of =2 much more
rcadily as compared 1o other clements. The 6 clectrons in the outermost level
take up 2 electrons to form X2 ion in this group. But this tendency decreases in
the order O > § > Sc¢ > Te > Po. Oxygen in -2 state is present in all combined
matcrials. The tendency o form negative oxidation states is less in other
clements of this group. Hence O; is the strongest oxidizing agent and Te the
weakest. Oxygen does not lose 6 electrons to assume +6 state which is quite
common for §, Se and Te.

(5) Oxygen having small atomic volume and high ionization potential as
comparcd o the other elements of the group is characterised with the difference
in physical constants which result in special properties of oxygen.

(6) Oxygen is more clectroncgative than any other element except fluorine.
This 1s one reason for the special propertics of oxygen in its compounds. For
instance, all the clements of this group form hydrides of the general formula
XH,, i.e., OH,, SH,, ScH;, TeH; and also PoH,. But the heats of formation of
H;0 (59 Kcal/mole) is much higher than any of the compounds H,S, H,Se,
H,Te. Water is a highly stable associated and neutral liquid. H,S, H,Se and H,Te
are gascs having acidic propertics and unpleasant odour and these arc easily
decomposed becausc of their reducing propertics. The strength of acid behaviour
and reducing power increases in the order

H,0 < H,S < H,S¢ < H,Te < H,Po

But the thermal stability decreases from H,O to H,Po in the hydracid serics.
All these have similar struciure of their molegules but due to the difference in the
clectronegativities of 0,8, Se, Te, Po with that of H, and the increase in their
ionic radii, the bond lengths and bond angles are not the same. H,0O shows

hydrogen bonding duc to much greater difference in the electronegativity valucs
of O and H as compared to those between S and H and others. H,S and H,Te do

not have the property of hydrogen bonding.
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H H I[i H
|
105° (!)g 9 S 91I° , Ses XP , Tes
/an )-/av / oo /ll
I H 1

These factors give rise to difference in the propertics of these compounds as
given in Table 21,3,

Table 21.3. Properties of H,0, H,S H,Se and H,Te.

Meliin Boiling Heat of Acid
lydride ' o;'n : (gcr ) point formation strength Rermark
P (C) Kealimole Ka
H,0 0 100 68 TmE Assaciated
hiquid (neutral)
H,S -86 -61 5 3x1077 weakly acidic
HySe ~60 41 -19 2x1074 acidic
H,Te =51 -2 -34 1072 strongly
acidic

(7) The double bond in O, is stronger than S—S or Te—Te bond. Hence
oxygen can exist as separate molecular specics as O,. This is not the case with
S, Sc and Te although these may occur in nature in the free staie but in the form
of atomic aggregates and as the atomic number increases, these assume more
pronounced metallic character with much higher melting and boiling points.
Oxygen forms two double bonds whercas, S, Se and Te usually form two singic
bonds. Thus S forms Sg ring in which cach S has two single bonds. The three
atoms of oxygen in Os is highly unstable.

(8) O, molecule has been found to have magnetic propertics, which in the
case of other members is not so pronounced.

(9) A marked characteristic of this group is the existence of a number of
allotropic forms. In this property oxygen also shows likeness to other clements
ol this group.

(10) Photoelectric behaviour of Se is much more pronounced than Te and for
this reason Sc is on great demand for photo-clectric tubes. Other elements of this
group do not show this property.
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Thus it can be inferred that oxygen as a member of the group VIA elements
differs markedly in physical and chemical behaviours from S, Se and Te. The
latter three elements have similar chemical properties with the usual gradations
that is expected on account of the electronic configuration, '

OXYGEN

Sources of oxygen : Oxygen is the most plentiful element in the carth's
atmosphere, sca-water and the earth's crust. It is an cssential clement for all

forms of life. Without oxygen no life can exist since it is required 1o convert the
food matenials to CO, and H;0.

Preparation of oxygen :

1. By heating an unstable oxide :

2Hgo 22, 2g 40,
2. From peroxide : In metal peroxides and H;O, oxygen has the unusual
oxidation number of —1 and hence these are unstable compounds and decompose
10 evolve oxygen in zero oxidation state and also in -2 oxidation state. Thus :

2 HzOz heated

= 2H10+01

(BaO + 0; Beaes Ba0y)

BaO, % BaO + 0, EBrin's Process)

Some reactions undergo swift decomposition when heated or in presence of
other substances, e.g.,

heat

2Nay0, + 2H,0 —— 4NaOH + O,

3. From oxygen-rich compounds :

heat

2KMnQy —— KzMHOd + MI'IO; + Oz

heat
KCIO, (MnO, :ala]ysi}_‘ 2KCl+30,
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4. Electrolytic method : Watcr, containing a little acid or alkali when
subject to electrolysis, evolves O, and H, at the anode and cathode respectively

duc to the following rcactions ;(—
ZHIO + 20 — 2H2 -+ 02

4(OH)™ — 2H,0+0,+4c

5. From liguid air : Large quantitics of oxygen are produced by the
fractional evaporation of liquid air. Since the boiling point of liquid nitrogen is
—-196°C compared to —183°C for oxygen, nitrogen is volatilized away first by
distillation of the liquid air leaving the residue of almost pure liquid oxygen
(Claude's Process).

Properties of oxygen : The physical propertics of oxygen have becn
shown in Table 21.2 and a list of chemical propertics which are common is
given below ,

(1) Oxygen is an active clement and combines with all the other elements
either directly or by some other methods (exception—inert gases). The process of
combination of oxygen with an clement or compound is called oxidation because
oxygen normally changes from zero valent state to O2 state by accepting
electrons. Some typical examples are given by the following equations :—

(a) With metals :

2Na + Oy = NayO, (ordinary condition)
2Mg + O, = 2MgO (heat)
3Fc + 202 = FC304 (hcal)

(b) With non-metals :

2H, + 0, = 2H;0 (burning)

c + 0, CO; (bumning)

S + 0; = S0, (burning)
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(c) With compounds :
2H,S + 30, = 2H,0 + 250, (burning)
CS; + 30, = CO; + 250, (burning)
2ZnS + 30, = 2Zn0 + 280, (burning)
2C0 + 0, = 2C0O, (burning)
PsO, + 20, = P40y

The Structure of Oxygen Molecule

The structure of O, molecule has been represented as formed by sharing two
pairs of elcctrons between the two O atoms in which all the electrons are paired :

ol or :0::68 or 0=0

o B ]

But O, molecule has magnetic properties. It is attracted by a magnetic filed
and calculations show that O, molecule has two single (unpaired) electrons.
Therefore, the modified Lewis structure of O, molccule may be written as,

t0: O3
with one electron on cach atom of oxygen. Pauling considered that O, is an odd
molecule with three clectron bonds as,
= LA

1025208 or | 20202

Each Lewis structure contain 12 clectrons between the two oxygen atoms in
0, molecule.

But from the point of view of molecular orbital method the O, molecule is

formed by the overlap of two atomic oxygen orbitals having clectronic
configurations :

152 252 2p 2 2py' 2p,'

Neglecting the non-bonding electrons of 152 and 2s? and considering the overlap
of p orbitals of one oxygen atom with p orbitals of another oxygen atom, we
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find that there are 6 molecular orbitals by the LCAO of 2 oxygen atoms, cach
having 3 atomic 2p orbitals. Out of six molecular orbitals three will be bonding
orbitals and three anti-bonding orbitals. When we distribute the 8 electrons of p
orbitals from each O atom i.e. (2p* + 2p*) each of the molecular orbitals
accommodale 2 electrons. Therefore, 6 electrons can be placed in the 3 bonding
molecular orbitals leaving a balance of 2 electrons. Since the energy of the two
anti-bonding orbitals are thc same, the remaining two elecirons arc
accommodated singly (unaired) in cach of the two anti-bonding orbitals with
parallel spins to have the maximum stability. Thus, these two unpaired electrons
in the two anti-bonding molecular orbitals confer the magnetic propertics to the
0, molecule. This feature is diagrammatically shown in Fig. 21—1 showing the
combination of three p orbitals of cach oxygen atom.

ANT IBONDING
MO

[=]
4

QOO
zpf 2|:.~;|r Ep: @ @ Zp; ZP; Zp‘z

T Py ne,
@ OXGEN ATOM

OXYGEN T, p-orbitals
ATOM
p- orbitals

ENERGY

0p MOLECULE
BONDING MO
Fig. 21—1. Unpaired clectrons in oxygen molecule in ®*p, and n*p, orbitals.
Atomic Oxygen

At the ordinary conditions O is slow to react possibly because the breaking

of the O—O bond is rather difficult. In order to separate O, molecule into O
atoms, 118 Kcal/mole of encrgy is required :

0,+118Kcal = 0+ 0

Hence O—O bond is rather strong. But at the clevaled temperature O, 1s
very reactive. Al the ordinary temperature O, reacts with some substances

—36
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without bond breaking. Thus, Na,0, and BaO, arc formed in which O—O bonds
remain unbroken.

The oxygen molecule can be broken up into atoms by ultraviolet radiation
or by electron discharge. The atomic oxygen so produced is very reactive and
releases more energy when reacting. The reactivity of atomic oxygen is indicated
in its oxidation potential O/O™2. This is greater than that of ozonc or oxygen
fluoride, OF;, and is about the same as that of F, (-2.85V).

Uses of oxygen : (1) Metabolic process of respiration. (2) Oy-enriched
air 1o patients with scrious ailment. (3) In combination of fucls. (4)
Metallurgical operations. (5) Cutting and welding metals with oxyhydrogen or
oxyacctylene flames. (6) Oxygen masks for high altitudes. (7) Heavier isotopes
of oxygen O'F are particularly used in tracer experiments for determining the
structures of compounds.

OZONE

Ozone (Oy) is an allotropic form of Q. Higher regions of atomosphcre
* contain molecules of Oy, Generally referred to as the ozone layer.

Preparation : Ozonc can be prepared in a number of wavs. The main
principle of the formation of ozonc is to subject O, Lo an electric discharge. It is
probable that atomic oxygen first formed combines with O, to give O,

There arc various forms of apparatus used for the preparation and industrial
production of ozone. These are known as Ozonizers which consist mainly of two
electrically charged plates between which dry oxygen is passcd. The gascous
products formed decrease in volume and possesses a pungent odour with a pale
blue colour.

The formation of ozone from oxygen is an cndothermic reaction and energy
may be provided by means of electronic discharge. But other forms of energy
may producc slight amount of ozone. Thus heat, ultraviolet light, slow
oxidation of phosphorus, a jet of burning hydrogen during thunderstorm also
form litle ozone. Also, when F, reacts with water at low temperature, Oy is
formed :

3H20 + 3F2 = 6HF + 03
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Properties of Ozone

Physical properties : 1t is a pale blue gas with a pungent odour. The
gas itsclf is colourless but it absorbs light strongly in the ultraviolet region and
for this reason upper atmospherc appears to be bluc. O, thus acts as a shicld by
absorbing the dcadly ultraviolet light for the carth’s living beings. It is an
allowropic form of oxygen. Duc to high concentrations of industrial gases there is
nowadays depletion of ozone layer of the atmosphere. This has been a case of
great concern world-wide.

Chemical properties : O3 is an unstable molecule because it is formed
by endothermic reaction and hence it tends 10 lose energy by decomposition :

20, = 30; + 69 Kcal

Ozone is, therefore, one of the most powerful oxidizing agents known. Only
F,, F;0 and atomic O stand above O; in oxidizing power.

The following oxidation reactions may be cited as examples of oxidizing
nature of O5 :

2KI +H,0+07; = 2KOH +1,+0,
2HCI+0; = H0+Clp+0,
PbS+40, = PbSO+40,
N,0440; = NOs+0,
380,#40; = 350,
3SnCl, + 03+6HCl = 3SnCly+3H,0
H,0,+40; = H;0+20,
Ag+0; = AgO+0,
Hg+0, = HgO+O,
1,+50;+4H,0 = 2HIO; + 50,

Unsaturated organic molecules form explosive compounds called ozonides,
O, combines at the double bond. C,H, gives ethylene ozonide :
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Recently ozonates, KO;, CsOs, have also been prepared. Distinctions

H,C=CH, + O,

between O, O; and H,0, are given below :—

INTRODUCTION TO MODERN INORGANIC CHEMISTRY

O/CHrT

\CH2—0

ethylene ozonide

Reagent [0 (9] H,07

Hg No reaction HgO %

KMnO, soln. x X Mn*2 formed
H,CrO, x x Cr*d formed

Rubber % Brittle No immediate action

Structure of O; : Previously O5 was considered to be formed by the
combination of three oxygen atoms so that each oxygen atom shared a pair of
electrons with two others giving a triangular structure. But ozone is

paramagneltic and the angle between three oxygen has been fond to be 127°.
Therefore, the true structure must have two unpaired electrons in Oy as in O ;

/) 1.28A
% i i
ks :zN.IM
O
-— ot +2
: a—" — '(')*__6 — @ 6_"—0
ve \0 oo \O oe -

O

But the microwave technique has proved that the angle is only about 127°
and each O—O distance is about 1.28A.
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SULPHUR
Sources of Sulphur

(1) Sulphur has been known from ancient time since it occurs free in nature
in the solid state, particularly in volcanic regions of the carth. Volcanic gases
also contain H,S. and SO, which come in contact on the surface leading to their
interaction and sulphur is precipitated which melts but solidifies when the
volcanoes become extinct.

(2) Free sulphur also occurs in mines in the U.S.A and Mexico under the
carth’s surfacc about 700—900 feet below.

(3) In combined state sulphur is widely distributed in various compounds.
The important orcs of sulphur are :—

Iron pyrites — Fe§,
Copper pyrites — Cu,S, FeS,
Galena — PbS
Orpiment — AsS;
Cinnabar — HgS§
Gypsum __ CaS0,.2H,0

It may be noted here that the sulphide ores, such as PbS, HgS, Cu,S, Fe$,
etc., contain small quantities of selenium and tcllurium in the form of PbSe,

HgSe and also in the free state in sulphur. Tellurium also occurs free along with
Cu, Ag, Au and also as silver and gold tellurides (sylvanite, Ag,Te, Au;Te;),

Extraction of Sulphur

Depending upon the source, various mcthods are being used for the
extraction of elementary sulphur.

1. Frasch Process: This process is cmployed for underground sulphur in
Lousiana, U. S. A. A drill-hole is made through which four concentric pipes arc
passcd upto the sulphur-bearing bed. Superhcated stcam under pressure is forced
down the next to the outcrmost of the four pipes. The hot stcam melts the
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sulphur. The compressed air is forced through the innermost pipe. The molien
sulphur mixed with stcam and air forms light cmulsion which readily flows up
through the third pipe. The outermost pipe scrves as an outlet for superheated
stcam. The emulsificd sulphur is conveyed 1o large sctiling tanks where it
solidifies upon cooling. Frasch method gives very pure sulphur, almost 99.9%
pure, and no further purification is required.

2. The Sicilian Method : In Sicily sulphur is found mixed with quartz
and gypsum. The method of extraction of crude sulphur from this source consists
in heating the lumps of the ore in a heap in closed chambers. Sulphur melts and
runs off at the base.

Refining of sulphur is done by boiling sulphur in closed iron retorts and
sulpur vapour is condensed in a large chamber in the form of fine particles
known as flowers of sulphur. This melts at higher temperature and the molten
sulphur is rolled into mould to give roll sulphur or brimstone.

3. From coal gas : Coal gas contains H,S which is removed by passing
the gas over hecated Fe,0; when Fe§ and Fe,S; are formed. The mixture of FeS
and Fe,S, is known as spent oxide. When the spent oxide is exposed to the
weathering conditions of air and water vapour, elementary sulphur is deposited

Fe;,04 + 3HQS = Fe S5+ 3H20
2FC:S3 i 3(12 + 2H10 = ?.FIO; +6S
4. From Ca8 : Sulphur is also rccovered from CaS which is formed
during thc manufacturc of NayCOj by Le Blanc Process. This is done by

liberating H,S from CaS in water suspension by means of CO,, H,S mixed with
air passcd over heated FeyO gives elementary sulphur

1]

Ca$ + H,0 + CO,
2H:S + 01

C3C03 2 o st

25 + 2H,0

5. By bacterial action : Cerain bacteria have the remarkable property
of converting sulphates to clementary sulphur. Calcium sulphates have becn
converted 1o free sulphur by the artificially preparcd strains of bacteria.



OXYGEN, SULPIIUR AND CHROMIUM 567

.6. From roasting of sulphides : 1t is (0 be noted that the sulphide
ores are not used for extraction of sulphur. These are roasted for the extraction of
melals and SO, formed is mainly used for the manufacture of H,SO4. But
somctimes it becomes nccessary 1o reduce SO, to S by passing the gases
through coke heated at 1100°C when the rcaction SO; + C = CO; + S produces
S. Also on roasting the sulphide orces contaminated with selenium, both SO, and
$c¢O, are formed. But ScO, is reduced by SO, giving fine powder of free
sclenium in the flue gas from which it is precipitated by clectrical cottrell
precipitator :

SeO, + 280, = 250, + Se

Sclenium is also recovered from the metal oxide formed, and from the anode
mud obtained during the electrolytic refining of copper.

Properties of Sulphur

Physical properties : The clectronic configurations and other physical
constants have been listed in Table 21.2. An interesting feature is the well-
marked property of sulphur in having scveral allotropic forms as is the case with
O, Sc and also to some extent in Te.

Allotropic forms of sulphur : Sulphur cxists in a varicty of forms—
in the solid, liquid and gascous states.

Solid sulphur : Several crystalline forms of sulphur are known. At room
temperature the solid sulphur has rhombic form and is the stablest form of
sulphur composed of Sg molecules. This is also known as oclahedral or a-
sulphur, Each S atom in Sg molecule has two single bonds and thus forms an
cight-membered ring. The molecule is puckered, i.c., four S atoms lie in onc
plane and the four S atoms lie in another plane. The structure of Sg molecule is
shown in Fig. 21—2.

On heating rhombic sulphur below 100°C, it is changed to monoclinic
form. This also consists of Sg molecules which arc arranged in a diffcrem
geometric form. This is also known are as prismatic or B-sulphur. The transition
temperature from rhombic to monoclinic form contains more energy and at lower
tcmperature or room temperature it tends to convent itself 1o the rhombic form.
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S

Fig. 21—2. Structure of Sg molecule in sulphur, (a) Electron arrangement
in Sg molecule ; (b) "Puckered” arrangement of 8 § atoms.

Both rhombic and monoclinic sulphurs are insoluble in water but soluble in
CS,, S,Cl, ete. But the monoclinic form has greater solubility than the rhombic
form. Their molecular weights have been determined both in the vapour state and
in solutions.

Liquid sulphur : On heating solid sulphur to just above the melling
point (119°C), a clear straw-coloured mobile liquid is formed. This also contains
Ss molecules. As the temperature is raised, the Sg ring of the yellow mobile
sulphur is present as long open chains of S atoms known as A-sulphur :

____°S u_nS n_-S -_— us -w_‘es a—ns n_oS ._.S l_

e @6 8606 486 88 B e SO 8O

On further heating the liquid gradually darkness and becomes very viscous at
above 200°C when it gives a thick gum-like mass with darkend colour. The long
chains of S atoms become entangled with each other as the temperature is raised
above 200°C indicated by the increased viscosity. This darkend form of liquid
sulphur is known as p-sulphur.

When the yellow mobile liquid, A-sulphur, is suddenly cooled to room
tcmperature by pouring it into water, a rubber-like material is formed which is
known as plastic sulphur. The long chains of S atoms become oriented in a 7ig-
zag manner of indefinite lengths which imparts the elastic rubber-like property.
The plastic sulphur is insoluble in CS;. Upon standing, plastic sulphur, like all
other forms of sulphur, changes to the rhombic sulphur :
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AN

Sulphur vapour : Sulphur boils at 444.6°C and molccular breakdown
occurs in the vapour state consisting of Sg, S, S, molecules both in the cyclic
‘ing form and open chain form. At the boiling point ( in equilibrium with the
iquid sulphur) the sulphur vapour is red due to the lone electrons on cach
sulphur atom. At above 1000°C, the rings and chains of sulphur atoms break
lown and the vapour consists of S; molecules and is of yellow colour. At about
2000°C, S, dissociates 1o give atomic S 10 some extent.

Some other forms of sulphur : When elementary S is precipitated
out from Ca-Thiosulphate or polysulphide by means of HCI, a white amorphous
product is obtained which is known as milk of sulphur soluble in €S8y

CHSS L o 2}iCI —— Caclz + H)S + 48

Colloidal sulphur is formed when H,S ans SO, react together in aqucous
solution or when sodium thiosulphate is decomposed by a solution of H,SO,.
Sulphur remains in a clear yellow solution and can be coagulated by adding

——lectrolytes, such as alum solution.

It may be noted that several allotropic forms of sclenium contains zig-zag

. +chains of selcnium atoms in the solid state. Red and black forms of sclenium

< are also known. Tellurium is a brittle silvery white metal and an amorphous
form of tellurium also exists,

Chemical properties : Although the clements O, S, Se, Te and Po form

- one group, the chemistry of O and Po are so different that these are considered

scparately. But the sulphur family having S, Se and Te have the general
gradation of group characteristics and have almost similar chemistry.

Elementary sulphur, although a non-metallic stable solid, is quite reactive.
Many metals react with S at ordinary temperature, e.g., Hg on rubbing with
sulphur powder forms HgS. Elementary S is both an oxidizing and a reducing
agent. S containing s?p* clectrons has a tendency 1o form the stable sp°
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arrangement by taking up 2 clectrons and hence acts as an oxidizing agent. The
oxidation involves loss of electrons and sulphur is oxidized by most non-mcetals
to + 4 or + 6 state and thus acts as a reducing agent.

Oxidizing Properties of Sulphur
(a) Reaction with I1; : Sulphur reacts dircctly with H; forming HoS :
H,+S§ = H;S

The proportions of H,S formed increase with the increase of temperature
(b) Reaction with non-metals : C at elevated temperature forms CS;:

C+28 = CS;

(c) Reactions with metals : Metals, such as Zn, Al, Fe, on gently -
heating with S, form mctal sulphides : ~

Zn+ S

ZnS
Fe+S = FeS

It may be noted that propertics of sulphides containing $=2 ion are quite
different form the corresponding oxides containing O~ ions.

Reducing Properties of Sulphur

"'l-.._-
When sulphur rcacts with non-metals which arc more clecroncgative than

sulphur, it assumes the oxidation state of + 4 or + 6.

(a) Reaction with O, : Sulphur burns in air (O,) with a blue flame forming =~
SO, and traces of SO; (about 3—4%) :

S'I-Oz

S0,
250, s

250, + 0,

These are very important reactions industrially and will be described in
connection with H,S0,.

It has been noticed that S, when exposed to moist air, is slowly oxidized 1o
give H,80; ¢

25 + 2H,0 + 30, = 2H,50,
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(b) Reaction with halogens : Sulphur forms a large number of halides by
direct union with halogens cxcept iodine:

S+F, — S,5F, S5+Cl, = S§XIL S + Br, = §;Bny
SF,4 SCl,
SFg SCl,
SaF10

(c) Reaction with HINO; and 11,50, (Concentrated and hot condition):
S + G6HNO4 H,;S0; + 2H,0 + 6NO,
S + 2H,S0, 2H,0 + 350,

(d) Reaction with alkali : Both $-2 and thiosulphates are formed when S is
boiled with alkalies :

45 +6NaOH = Nas$,0, + 2Na,S + 3H;0

N.B. Selenium more or less has similar reactions but is a weaker oxidizing and
weaker reducing agent than sulphur.

Uses of S, Se and Te

Sulphur : (1) Production of sulphuric acid, one of the basic materials for
many industries.

(2) SO, from § is used for industrial bleaching purpose.

(3) Production of CS,, an industrial solvent.

(4) S in vulcanization of rubber.

(5) Gunpowder, explosive and a host of other compounds of sulphur.
Selenium and i1s compounds arc used in :

(1) Electronic industries as an efficient rectifier,

(2) Producing colourless glass which is gencrally coloured green due to iron
silicate.

Some Important Compounds of Sulphur
Hydrogen sulphide, H,S : It is a quitc familiar gas. It is much used in
the laboratory for qualitative analysis.
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(1) It is generally prepared in Kipps' apparatus by the reaction of FeS with
dilute H,S0, or HCI :

FeS + H)SO4 = FeSO,4 + H,S
H,S prepared by the above method is impure.

(2) Pure H,S may be obtained by the hydrolysis of sulphides of more
clectropositive rmctals, such as Al,S5, or by the action of dilute HCI on NaHS :

AI;S3 + 6H20 2A]{0H)3 - 5 3st
H,S + NaCl

NaHS + HC1

(3) Recently a convenient and less obnoxious source of H,S has been found

in some sulphur-containing organic compounds, such as methyl thioacetamide
(Methyl thiorurea), CH;CSNH,. Whenever H,S is required, a pinch of this
substance in water gives H,S and ammonium acetate by hydrolysis :

CH;CSNH, + 2H,0 = CHyCOONH, + H,$
The hydrolysis is very rapid in hot solutions.

" Properties of H,S : (1) It is a colourless gas having the smell of roten

eggs. (2) It is highly poisonous. (3) It can be condensed to a colourless liquid at
-60°C (and solidifies at -86°C).

Aqueous solution of H,S : H,S is moderately soluble in water and the
aqueous solution is freely acidic. It ionizes as :

HoS +H,0 = Hy0* +HS~ . Kay =3 x 10~ at 20°C
HS™ + H,0 == H,0* + §2 Ka; =2 x 10716 a1 20°C

When the aqueous solution is exposed for a long time to the action of air,
sulphur is precipitated out due (0 acril oxidation of H,S :

Reducing properties of H,S : The sulphur in H,S readily gives up the
clectrons and becomes oxidized 10 S, S §*6 depending upon the conditions and
the nature of the other substances which react with it. H,$ burns in air to form
S0; and when the air is insufficient, only S is formed. In presence of strong
oxidizing agents in excess, H;S may be oxidized to H,SO, : ;
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2st + 302 = 2H20 + 2501
2”28 + 02 = 2H20 + 25
H,S + 4Br; +‘4H20 = H;SC& + 8HBr

In aqucous acid solutions H,S reduces Fe*? to Fe*2, I, to I, MnO,~ 10
Mn*2, Cr,0772 10 Cr*3, HNO; 10 NO. In all these reactions, H,S is oxidized to
free sulphur in aqueous solutions :

2FﬁCI3 + st

2FcCl, + 2HCI + S

SHES + 2KMD’O4 + 3H2$04 58 + 2MI'ISO4 + 8H20 + K;SOq.

i

Precipitating action of H,S : The importance of H,S in analytical
chemistry lies in the fact that it precipitates metal sulphides from acidic, neutral
and alkaline solutions. These metal sulphides show a wide variation in solubility
and thus can be divided into several analytical groups. For instance, CuS, PbS

and CdS are insoluble in dilute HCI. Others, such as ZnS, are soluble in dilute
HCI but insoluble in NH,OH solution.

The most important factor which enables the use of H,S in qualitative
analysis is the control of S~ jon concentration in the solution. In an aqueous
solution containing a number of metal ions M*2 and sulphide ions $-7, a metal
sulphide MS will be precipitated only if the product of the concentrations of the
572 ion and M*2 jon (raised to their appropriate powers) exceeds the solubility
product constant, Ksp of the metal sulphides. Thus :

If [M*?] x [$-2] > Ksp—metal sulphide is precipitated.
[M*?] x [S~?] < Ksp—metal sulphide is not precipitated.

The S-2 ion concentration can be easily controlled to achieve the above
condition. The reactions are based on the equilibrium dissociation of H,S as :

H,S = HS +H*
HS™ = H* + 8§
and the solubility of metal sulphide as represented by the equilibrium equation :
MS (solid ) + 2H* = M*24+ H,S ( gas)
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The solubility of a metal sulphide according to the equilibrium equation
depends upon the following factors :—

1. The solubility of the solid in water : The greater the solubility, the
greater the equilibrium displaced towards the right of the equilibrium equation.
This also gives greater solubility in acid. CoS (Ksp = 1x107?') is more soluble
in water than CuS (Ksp = 1x107%%), Ksp of CuS > Ksp of CoS. This is also
true for acid solution. In 2N HCI, it is only CuS which is precipitated out but
CoS remains in solution,

2. The concentration of acid : H* occurs in the left of the equation. It is
natural that increased concentration of H* lead to greater solubility of MS.
Decreasing the concentration therefore, precipitate out the more soluble metal
sulphide. It is for this rcason that CoS and ZnS$ are precipitated ont by H,S in
alkaline solution (decreasing the H* ions by adding OH~ ion in the form of

NH,OH).

3. The strength of the weak acid formed : The weaker the acid formed the
more soluble the salt is in the strong acid. For instance, most heavy mctal
carbonates are casily soluble in dilute mineral acid because of the formation of
H,CO, a weak acid, during the reaction. The reason that some heavy metal
sulphides are not soluble in mineral acids is due to the crystal structure.

Thus we can see that by adding H* from outside (HCI as usual) the
concentration of $~2 ion is reduced and under this condition only sulphides of
analytical Group II metals, such as CuS, PbS, CdS, Bi,S; elc. precipitated
because their Ksp values are very small. ZnS, Mn§S, NiS etc. are not precipitated
under this condition because their Ksp values are very high, These can be
precipitated if S~2 ion concentration is increased by decreasing H* ions (usually
by adding NH,OH or OH- ions) as in the case of Zn, Mn, Co, Ni etc. metal ions
of the analytical group.

Test for H,S or Sulphides : A paper moistened with lead acetate
solution turns black on exposure 10 H,S due to the formation of black PbS. In
solution $-2 ion is detected by sodium nitroprusside which gives violet colour in
presence of $~2ion :

2Na,[Fe(CN)s NO] + H,S — Nag [Fe (CN)sNOS], + H;0



OXYGEN, SULPHUR AND CITROMIUM 575

Uses of H,S : (1) It is a versatile analytical reagent and is uscd for
classification of metals into different groups in analytical chemistry
identification tests and separation procedures. (2) In synthetic work for the
preparation of sulphur containing compounds.

Sulphides : Normally the diprotic H,S forms two serics of sulphides (so
also HaSe and H,Tce). Normal sulphides and hydro-sulphides of metals are well-
known and have been dealt in appropriate chapters. These sulphides arc formed
from H,S$ in solution or by direct-reactions of metal and sulphur.

It has been found that only very slightly soluble sulphides can exist in the
presence of water. This is because of the strong tendency of the $72 and HS™
ions 10 act as proton acceptors. The soluble ionic sulphides Ba$, Na,S, K;S ctc.
are readily hydrolysed into HS™ and OH™ and in some cascs Lo H,S (as in the case
of A];S]. Cl'zs3 clc.

$24 Hy0 == HS™ + OH-
HS- + H,0 <> H,S + OH"

Aqucous solutions of such sulphides are alkalinc. As:Sg is not hydrolysed
because it is insoluble. Sulphides of Al, Cr, Fe cannot be prepared in aqucous
media because of hydrolysis.

Some of the coloured sulphides, such as FeS,, PbS cic., preparcd undcr
controlled condition resemblc alloys in their properties. They exhibit metallic
lustre and conduct electricity in the solid state. This is duc 10 dclocalization of
some of the electrons in the structure of metal sulphides as is the case in metals
and also in graphite. The sclenides have similar structurcs.

Polysulphides :When sulphur is boiled with an alkali solution or a
solublc sulphide, polysulphide ions are obtaincd. The resulting solution is
yellow or orange-red in colour. Acidification of the polysulphides gives a
mixture of hydrogen polysulphides, H,Sx, where X = 1, 2,3,4,5,6. The
combination of S with 2 idns may be represenied as,

S & §T = §;?
28 + S?2 = §;2:
33 + 8§ = §1
48 + S = 552
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H,S; is called hydrogen persulphide as an analogue of H,0,.

.S. -2 i o I_ ==

: Louat J* Sty ‘S'//"S“\g’/"s'

A mechanism suggesting the breaking open of the Sg ring in sulphur by
S-2ion has been put forward as :

§—5 f
/ N -2 e
s S¢S o YO B
- | | &
S'L*S\ s =
s—s” ~§-S—5—S-5,

The polysulphide ions, like the peroxide ion, are oxidizing agents. Most of
the metal sulphides are oxidized to the thiocomplexes :

As;S, 4+ 582 soa 2AsS,3
Sb,S; + 552 == 285bS,?
Sn§, + §? = Sns:fz

In alkaline solutions in the absence of excess polysulphide ion the
polysulphide chain is unstable and breaks down to give elementary S and simple
sulphides :

2As5,2 — 55+ As,S,

Sulphur hexafluoride, SF: This is most remarkable sulphur halide.
It is formed when S bum in F,. Along with SF, some lower fluorides of S are
also formed. These may be removed by liquefaction and fractional distillation.
SFy is an inert gaseous substance and is not affected by any reagent, acid, alkali
metals etc. It is the most inert sulphur compound known. The larger S atom (as
compared to oxygen) hasd orbitals available which can be used in covalent
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bond formation. SF is an octahedral molecule with S atom at the centre of the
octahedron and the 6F atoms situated at the 6 corners of the oclahedron. The
incriness is possibly due 1o steric hinderance by which § atom in SF is
protected. An stable SoF ;4 formed in small amount along with SFg has been
scparated from the liquid by fractionation. S;Fyis less incrt than SFy possibly
due 10 S—S bond.

r F FF -
F L F \5/ \ i
P—3— & &
i : F/\F F/S\F

SFe S52F10
SF; finds application as clectrical insulator at very high icmperature.
ScFg and TeFq are more reactive than SF, and are prepared from the

clements.

Sulphur monochloride, S,Cl;: This is the most important halide of
sulphur and finds application in rubber industry for vulcanization. This is
obtained by several processes :—

(a) Chlorination of S in limited amount of Cl; :
28 + Clg = SgClg

(b) When thionyl chloride, SOCI,, or sulphuryl chloride, SO,Cl,, arc heated
with sulphur :
250Cl; + 3§ 25,Cl; + SO,

SOClL +28 = S,Cl, + SO,

(c) It is obtained as a by-product when CClg 1s manufactured from CS; and
Clg .

CS, +3Cl; = /GOl 4 $;C);



578 INTRODUCTION TO MODERN INORGANIC CHEMISTRY
S,Cl, is an orange-yellow oily liquid readily hydrolysed by watcr
accompanicd by self-oxidation forming elementary § and SO, :
2S‘1C12 + 2“2’0 = 502 + 2HCI + 25

S,Cl; has the same structure as H,0; :

Cl I-\
\S—-S 0—(\ .
\CI H
S;Cl5 is a good solvent for S, 1; and many organic compounds. It reacts
with C,H, 1o give mustard gas :
S,Cly +2C;Hy - CI-CH;-CH»-S-CH,-CH,-Cl +§

Sulphur dichloride, SCI;: This is obtained by further chlorination of
S,Cl, in the form of a dark coloured liquide :

51C|1 + Clz = ZSC]'Z
Further chlorination also gives SCly.

Sulphur oxychlorides : SO,Cl, and SOCI, are known as sulphuryl
chloride and thionyl chloride respectively.

Thiony! chloride, SOCl,, is a colourless liquid and prepared readily from
PCls and SO,, It can also be prepared from COCl, and SO, :

502 + PCIS = SOCI: + P()Cl;
COCL + SO; = SOCL+CO,

SOCI, is an important rcagent in organic chemistry and is used w convert
carboxylic acid 1o their acid chlorides and SO, gas 15 out

SOCl; + R—COOH = R—COCI + SO, + HClI
The structure of SOC; is related 1o H,S0,.
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Sulphuryl chloride, SO,Cl,, is obtained as a liquid by direct combination of
SO, with liquid Cl, in presence of a catalyst (camphor) :
S0, + Cl, = SO,Cl,
and also from H,SO, and PCls :
H,S04 + 2PCls = SOCl, + 2P6CI3 + 2HCI

Both SO;'CI; and SOCI, are hydrolysed in walcr forming H;SO4 and
H,S0; respectively :

SO,Cl, + 2HOH — SO,(OH), + 2HCI
SOCl, + 2HOH — SO(OH), + 2HCI

Hence, structurally these are related to HpSO,4 and HyS0;

OH Cl OH Cl

0/ OS/ OS/ 025/
N %, 5 W

OH Cl OH Cl
Sulphurous Thionyl Sulphuric Sulphuryl
acid chloride acid chloride -

Oxides of sulphur : In the sulphur family, S forms more numerous
oxides. These are :

SO — sulphur monoxide
S,0; — sulphur sesqioxide
SO, — sulphur dioxide
SOy — sulphur trioxide
S,0, — sulphur heptoxide
SO, — sulphur tetroxide

Of the above six sulphur oxides, only SO, and SO, arc important. Others
are unstable and umimportant.
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Sulphur Dioxide, SO,

This is of considerable technological importance and is obtained by various
methods :

(a) By burning sulphur (brimstone) in air

5+0; = SO,

(b) By roasting of pyrites and other metal sulphidcs :
4FeS; + 11 0, = 2Fc,04 + 850,

2ZnS + 30, = 2Zn0 + 280,

(c) By reducing H,SO,4 with metals or non-metals
2H,80, + Cu = CuSO, + SO, + 2H,0
2H,804+S =350, +2H,0

(d) By the action of dilutc acids on sulphits or bisulphites :

N2,S0; + 2HCI = SO, + 2NaCl + H,0

Properties : It is a colourless gas with choking smell. It readily condenses
to liquid SO, at —-10°C and freczes at —72.7°C.

The properties of SO, is best understood from the structure of its molecule.
SO, gas has a large value of dipole moment indicating O—S—O bond to be
non-liner. The contributing structures may be written as,

0) @)

'S/ SS/
? \ or \

0] 0O

The structure confers on SO, four-fold properties : (1) Lewis acid, (2) Lewis
base, (3) reducing agent, (4) oxidizing agent.
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1) As Lewis acid :

(c)Ca0 + SO, — (CaS0Oy

(2) As Lewis base :

(3) Oxidizing agent ;

2H,S + SO, = 35+ 2H,0

(4) Reducing agent : SO, is most important as a reducing agent in most
chemical reactions. Its blcaching property is attributed due to the reducing action
of SO, in presence of H,0 (i.e., of H,SO;) as compared to chlorine which
bleaches by oxidation. As reducing agent SO, liberates I from KIO;,

decolourises KMnO, and turns K,Cr,04, green.

Uses of SO, : (1) Bleaching of paper, silk, wool clc. {2) Prescrvative for
dried fruits. (3) Largely uscd for the manufacture of H,S0,. (4) In petrolcum
industry for blcaching of kcrosene. (5) Liquid SO, is used as a ref rigerant, (6)

Liquid SO, as a non-aqueous solvent.
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Liguid SO, : 1t conducts electricity and is a good solvent for a number of

ionic compounds and is uscd for carrying out chemical reactions. The auto-
oxidation of liquid SO; rescmbles that of H,0 and liquid NH;:

SOI + SO: = 802 + 503-2
H,0* + OH
NH,* + N'Hz“

HQO 4 Hgo
NH} + NH;

(I

Sulphur Trioxide, SO;

About 3—4% SO, is formed when S Burns in excess of air producing
mainly SO,. When SO, and O, are heated together preferably in presence of a
catalyst, such as Pt or V,0s giving SO5 :

Pt
250,+0, \-F-_;-"Os 250; + 45 Kcal

SO, is the dehydrated product of H;SO, and can be obtained by gently
distilling H,SO, preferably with an excess of P;0s :

Properties : SO, gas freezes at 15°C to give transparent ice-like crystals. On
exposure 10 air it gives asbestos-like solid. It is, therefore, liquid at ordmary
temperature and boils at 46°C.

The three solid forms of SO; consist of (1) trimer (SO3)s, ice-like, (2) long-
chain, SO; groups, asbestos-like, (3) long-chain SO; groups joined in layers
(unstable form) :

%y AR )

et e
0,\/502 B - <0 o0
Trimer SO3 Chain S04

Stabilized SO, are now being sold commercially under the trade name of
Sulphans.
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In the vapour state SO is a monomer (consisting of only one molecule). In
the solid state it has several structural modification as mentioncd. Liquid SO
. mainly consists of three molecules of SO, (trimer) joined together in 6-
membered ring. In the single molccule the oxygen atoms occupy the three
corners of an cquilateral triangle with S atom at the cenire :
(i) 0] 0
S S S
e P TN &
0 0 0} 0 o)

S0, is the strongest Lewis acid. It reacts almost vigorously with bascs,
such as H,0, amines, cthers, oxides eltc. :

803 + Hzo = HQSO4+45 Kcal
SO, + BaO = BaSO,

L

It also reacts with non-basic substances, such as HCl, HyS0, ¢

H

SO; + HCl 0,5 (Chlorosulphonic acid)

e

Cl
SO; + H,S0; =  H,8,0; (Pyrosulphuric acid)

The pyrosulphuric acid (disulphuric acid) along with more polymeriscd
forms, Hy850,, and H,S,0,3, gives rise to the familiar fuming sulphuric acid or
oleum.

OXYACIDS OF SULPHUR

Oxyacids of sulphur contain S atom in the oxidation statcs from +2, +3. +4
and 46, A very large number of oxyacids of sulphur is known. On the basis of
their nomenclature, some of these may be classificd into the following
groups:—

(I) Normal oxyacids : These are well-known acids :

H,S0, H,S04
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(11) Pyroacids : These arc formed from H,SO, or H,SO4 generally by
condensation reaction ;

H,5,04 H,S5,0, :

-

(H11) Thieacids : These again consist of— .
(a) Thionic acids : H,S,0 wherex=2106
(b) Thionous or hyposulphurous : H,S,0,
(c) Thiosulphuric acid : H,5,04
(1V) Peroxyacids : These contain—O—O— link :
 H,80s H,5,0;
Permonosulphuric acid Perdisulphuric acid

(1) Sulphurous acid, H,SO; : Sulphur dioxide gas dissolves in waler

1o the extent of about 10% by weight at 20°C at the ordinary condition. The
solution contains H,50; :

On cooling a saturated solution of H,SO5, crystals have been obtained
supposed to contain H,50; in the hydrated form (H,S03.6H,0).
H,80; solution is slowly oxidized by oxygen form the air :
2H,S0;+ 0, = 2H,50,
H,SO; in aducous solution ionizes to give HSO;~ and SO;2 ions

(Ka; = 1.3 x 1072, Ka, = 5.6 x 10-8), The SO2 ion has a pyramidal structurc as
the ClIO5™ ion with possible resonance :

(0] 4——3/0_
\0_

Since both HSO;™ and SO572 ions are present, both normal and bisulphite salts
arc formed from H,SO;. This is done by passing appropriatec amounts of SO, gas
into an aqucous solution of the metal carbonates or hydroxides :
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CJ(OH): + 2502 . ] HIO
K2C03 + ESO} ) 2}120

Ca{HSO‘g}}_ + HIO
ZK"lSO] + Co: + “20
2NaOH + SO, + H,;0 = N250;+2H0

On heating a bisulphitc salt, both water and SO, arc evolved forming
sulphitc compound :

2NaHSO, = Na,S0; + SO, + H,0
Further heating of Na,SO; gives rise 1o an auto-oxidation reduction reacuon:
4 =2 +h
4 N;l:S O] = Nilz S+ ]Nazs Oq

H,S0; solution is a good reducing agent towards strong oxidizing agents.
Thus Cly, KMnO,, K5Cr,01 ctc. in aqucous solutions oxidize H,50; 10 H,50,.

Uses of 11,503 and its salts @ (1) Bleaching agent (2) anuscptic @ (3)
Ca(HSO5),, calcium bisulphite, is extensively used for the manufacture of paper
from wood. The chips of wood are digested in Ca(HSQ3), solution at 177°C
under pressure, as a result the lignin of wood is removed and at the same ume
the wood pulp is bleached. (4) NaySO; is used for making other compounds.

Sulphuric Acid

Sulphuric acid is a strong aid generally called "the king of chemicals”™. Many
other chemical industrics are based on H,S0; as the basic material. For instance, -
petroleum refining, fertilizers, paints, drugs, explosives cic. are some of the
ficlds of applications.

The two methods of manufacture of H,S0; are well-known as—(i) Contact

Process and (i) Lead Chamber Process. Both the processes depend upon the
oxidation of SO; 10 SO;.

The Contact Process : Purc sulphur 1s burnt m air 1o form SO,

S+(J: = S()}



586 INTRODUCTION TO MODERN INORGANIC CHEMISTRY

S0, is oxidized by means of air (O,) in Presence of suitable catalyst (such
as Pt, V505, Fe,0;4, CuO cic.):

250; + O, = 2803+ 45 Kcal

The purity of SO, and air is a very important factor. Presence of impuritics
renders the catalyst incffective and it is said 10 be poisoncd.

The reversible reaction is exothermic. hence, low temperature favours the
formation of SOj, but the rate of reaction at low temperature is slow. Therefore,
n order 1o increase the rate of reaction the temperature is increased to about
650°C. The temperature is brought down to 450°C while the mixture of SO,
and air continued to pass. The increased rate of reaction at 650°C and the change
of condition o 450°C shift the equilibrium towards the right giving greater yicld
of SO,.

Because SO; vapour mixed with oxygen does not readily dissolve in water,
the SO, vapour is passed into a solution of 98% H,SO, in which SO, is
absorbed smoothly giving pyrosulphuric acid :

HISO‘;"" 503 = HzSzO‘)
Waicr is carefully added (o the resulting solution to convert the H,S,0, to
}']2504 4
H,S0, made by the Contact Process is quite pure and concentrated.

The Lead Chamber Process : The process derived its name from the
fact that the reaction of SO, with O, in the presence of NO is carried out in large
lead-lined chambers. The mode of oxidation of SO, to SO 1s different in this
casc.

SO; may be produced from burning the sulphur or by roasting pyrites or
sulphides, such as FeS,. ZnS etc., SO, gas is passed into the lcad chamber
along with air (O,), NO, NO, and steam. Reactions in the lead chamber are quile
complicated but the changes may be represented by the cquations :

INO+0, = 2NO,
250; + 3NO; + H;O == 2NO(HSO,) + NO
Nitrosyl sulphonic acid

INO(HSO:) + H;O0 <> 21,50, + NO + NO,
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The mixture of NO and NO, is recirculated and thus functions as oxygen
carricr.

The acid from the Chamber Process contains only 60—70% HzSO.. A
schematic diagram of the manufacture of H,SO, by the Lead Chamber Process is
given in Fig. 21—3.

o0 H;30, W] ¥y 30,4+ N0y -
1[' "}o‘
07 ™
- | Glover | | % Gay -
torar i Lumad
¥ 1
Het Wtar Lower
lm!
+H 50, l
NOz Lusd chambar
Wl L S U v S
NO,
Tmr._‘_.—J 0;:.,
T8 H30, W] Hy 304

Fig. 21—3. A schematic diagram of the manufacture of H,50, by the Lead Chamber

Process.

Concentration of H;S(i; may be increased 1o 93% by heating in silica or
duriron pans (pans made of an alloy of Fe and Si). This may be concentrated by
passing hot air from below while the dilute acid is percolated from the top as in
the Gaillard Process. Acid made by the Lead Chamber process contains Pb, Fe,
As elc.

H,SO, from gypsum : Insicad of metal sulphides or sulphur, gypsum,
CaSO,, has also been used to produce SO,. A mixture of CaSOq, Si0,, clay and
coke is heated in a furnace to produce a mixture of gascs containing SO;, Np and
oxygen known as burner gases :

CaSO, + 2C = CaS +2CO,
CaSO, + CaS +0, = 2Ca0 +250,
2Ca$ + 2Ca0 + 65i0, +30; =  6CaSiO; +280;

2CaS + 2Ca0 + 2A|203 + 302 6Cd02Al203 + 2502
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This method is specially suitable where gypsum is abundantly available,

Properties of H,S0,: 100% purc H,S80, is an oily liquid having
covalent bonds. The acid boils at 317°C at which point it has a composition of

98.54% and is rcached from either dilute or more concentrated side by loss of
50, or H,0, as the case may be,

Concentrated H,SO, dissolves in water with the liberation of great quantity

of heat mostly as a result of the hydration of H* ions through the formation of
H,50; as intermediates :

H*+H,0 = H,0*+ 288 Kcal

H,SOq is a very strong acid. In dilute solutions the first 1onization is
complete (Ka, ~ 103) but the second ionization involving HSO, * takes place
only to a small extent (Kaj = 3.5 x 1072). Thus a strong solution of H,S0,
contains greater proportion of HSO,2 whercas very dilute solutions contains a
greater proportions of 50,72 ions. Hence H,SO, gives bisulphates and sulphates
of metals. Concentrated solution of H,S0; dissolves all basic substances giving
HSO,~:

H,SO; + NH, = NH,* + HSO,~
H;80, + H,0 = H;0* + HSO,~
HSO, + KOH = KHSO,+ H,0
N2,S0, + H,;SO, = 2NaHSO,

Thus the acid salts miay be preparcd by the above reactions. Acid salts aré highly
ionized in aqueous solutions and can be titrated as acid.

Reactions of H,SO,: It reacts in three ways :—

(1) Oxidizing actions of H,S0,: Dilute H,SO, does not react with
metals which occur below hydrogen in the EM.F. scrics. Metals above
hydrogen react to give H; with dilute H,SO. for instance, Zn is oxidized to Zn*2
state and H*2 is reduced to H, in the zero oxidation state :

0 +
Zn+ H,50, = ZnSO,+H,
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In this type of reaction oxidation state of S is not changed. But when hot
and concentrated H,S0y is used, a different types of oxidation-reduction rcaction
takes place is which S is involved in the rcaction and no Hj is evolved. Thus
when hot and concentrated H,SOy is used, the following reactions take place :

1] +6
Cu + 2H,S0,

42 +4
CuSO,+ SO; +2H,0

] +6 +3 +4
C+2H80; = C0,4350; +2H,0
Mi+HS0, = b+ §0;4 MO

(2) Dehydrating reactions : When H,SQ, is added to water a great deal
of heat is evolved because of the formation of H30* ions. H,SO4 has great
affinity for water and hence its use as an efficient drying agent for gascs and
liquids which do not rcact with it chemically. H;O may also be removed from
some organic substances so effectively that only carbon is left, e. g., from sugar
and glucosc :

CanOn +’llH2504 = 12C+ ]1(”2504.H20)

Formic acid, oxalic acid etc. are converted 10 CO, CO, eic. :

HCOOH + H:SO.{_ = CO+ HzSOg.HzO

Most organic substances such as cotton, wood cic. arc carbonized by concentrated
H,S0, for the same reason.

(3) Displacement of compounds due to high boiling point :
Volatile acids, such as HCI, HNO, etc., are readily displaced by the reaction of
their respective salts with concentrated H,S0,. H,SO, being non-volatile is left
behind if present in excess :

NaCl +H,SO, = NaHSO,+ HCl
KNO, + KHSO; = KHSO,+ HNO,

Structure of H,$0,: The S atom in SO4*? is surrounded
tctrahedrally by the four oxygen atoms, The H atoms form hydrogen bonds

between these SO, tetrahedra in three-dimensional pattern and hence the boiling
0

|
H—O—S—0—H

I

0



590 INTRODUCTION TO MODERN INORGANIC CHEMISTRY

point (or decomposition temperature) of H,SO; is very high. A two-dimensional
pattern is given below :

0 0
| |
H H
0 0

Derivatives of H,SO,

(1) Mono-acid chloride and di-acid chloride of H,SO, have already been
described. These are also known as chlorosulphonic acid C1.SO,,0H and
sulphuryl chloride, CI1SO,.Cl, respectively.

(2) Chlorosulphonic acid or sulphuryl chloride, on treatment with NH;,
gives the corresponding amides known as sulphamic acid and Sulphamide
respectively,

1 NH,
Oz + NH; —_— 0’2\ " HCI
; OH OH
sulphamic acid
/Cl NH,4 NH,
OzS\ + —— O;\ + 2HCI
Cl NH; NH,

sulphamide
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Sulphamic acid HSO;NH, is an stable solid and is used as a primary
standard for alkali titrations. ammonium sulphamate, NH,SO,.NH,, has been
used as a weed-killer and as fire-proofing agent.

Sulphamic acid can also be prepared from urea and fuming H,SO, :

/JHI NH,
C(\ + }{1520}' -3 015< +C02

NH, OH

(3) Metal sulphates tend to hold one molccule of water (anion water) by H
bond as in the case of CuSO,.5H,0, i.c., [Cu(H;0)a]*2 [SOs-H,0172 All other
hydrated sulphates can be represented in the same manncr. Large number of
double sulphatcs of many metals (alums) arc formed.

Pyroacids of sulphur : Thesc have bcen mentioned earlier. Both
pyrosulphurous acids and pyrosulphuric acids are known. Pyrosulphurous acid,
H,S,0s, is formed by hcating a bisulphite and by acidification. SO, may be
absorbed by H,S0; 10 give H,S,0s. The sodium salt is incorrectly known as

sodium metabisulphite, Na,S,05 :
OH OH OH OH
I | | |
0=S—0H + OH—S§=0 —— 0=5—0—-58=0
Pyrosulphurous acid
SO, is absorbed by concentrated HSOy 10 give a number of pyro-acids,
H,8,07, H3830,0 and H284013. These arc present in olcum. The reaction

between SO, and H,SO4 may be represented as

) OH 0 OH
O—S: + :O—Sli-—OH — O—S: :O-—S:——OH
0] 0 0 0]

l H* shift
0O 0]
HO—SE——O—]S—OH
o 0

Pyrosulphuric acid
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Thioacids of Sulphur

(a) Thionic acids : These consist of the gencral formula H,SxO, where x
can vary from 2 10 6. Obviously, it is the S—S bond which is responsible for

the vanous thionic acids. In fact, these are analogous 1o the peroxy acids
containing O—O chain :

0 0 0 0]
] | |

HO—S§—S-0OH HO—5—-8—5--OH
1551 I |

O 0 @] (0]
Dithionic acid Trthionic acid

Tetrathionic acid is formulated in two forms :

O 0) 0§ 0
| | Je ol o5
HO—S—S—S—S—0OH or HO—S—S5—S—OH

I | s =
(8] (9] 0§ 0

The acids have never been isolated, but salts of each acid have been made.

Dithionic acid, H,S,04, is a strong acid and is not oxidized by even

KMnOy, Cl;. Na;S,0g is prepared by the oxidation of SO, or Na,SO; cither by
clectrolytic method or MnO, ¢

2NaHSO; + MnO, — Na,$,04 + Mn(OH),

The other thionates arc made by reduction of H;SO; or NaHSO; by
clectrolytic process. The tetrathionate, e.g., NayS404, is most casily made by the

action of I; on sodium thiosulphate, Na,S,0;, or by the anodic oxidation of
NﬂHSgO;:

2Nﬂ-25203 + IE = Nazs_,(-),, + 2Nal

anodic
Nal IS)Oj n-udatiun_’ Nﬂg_S,.;Oﬁ

Salts of thionic acids are water-soluble, unstable and are decomposed by
alkali to sulphites and thiosulphatcs.
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(b) Thionous or hyposulphurous acid, H),5,0,: The salt Na,5$;0,

is known as sodium dithionitc, sodium hydrosulphite or hypo-sulphite. This is
made by reducing Na;SO5 or Na;HSO;5 with zine in alcohol or by cathodic
reduction of HSO5™ 1ons ¢

2NaHSO; + Zn + SO, = NayS,04s + ZnS0; + H,0

cathodic
reduction

2NallSO, = Nap§,0:4+ H,0

Na,5,0; 18 a powerful reducing agent and is used in industry as a blcach for
dyces, such as indigo bluc 1o indigo white. CuyH; and Cull, are formed with
CuS0,. Air oxidizes it 1o Na,S,0s.

(c) Thiosulphuric acid, H,S,0,

Sodium thiosulphate : Sodium thiosulphate, Na,5,03, is a common

reagent in the laboratory and is known as hypo in photography. It is obtained
commercially as Na;S,05.5H,0 by the following methods :—

(i) Boiling Na,SO; solution with sulphur powder, the solution is filtered
and crystals of Na,S,04 scparated by evaporation :

Na,SO;+ S = Na,§,0,
(1) Adding I 10 a mixwre of Na,S and Na,S05
NaS + NaySO; +1; = 2Nal + Na,$;0,
(ii1) Na,S,04 is manufactured from Na,$, Na,CO; and SO, :
2Na,S + Na,CO; + 450, = 3Na,5,0, + CO,

(iv) Also by the reaction of Na,CO; and SO, and sulphur :

I

Na,CO; + H,0 + 250, = 2NaHSO, + CO,
ZNalIS()} 2 NaIC03 = 2N32503 + H;;O +C01
N32503 +S = NaISEO]

In cach case the solution alter filtration is evaporated and Na;S;03.5H;0 1s
isolated by crystallisation.
—38
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Properties and uses : Na,5,05.5H;0 (hypo) is a colourless crystalline
substance. It is a gaod reducing agent and is used in the photographic processing
known as lixing which dissolves the excess AgBr not reduced to metallic silver
by the developer :

AgBr + Na,5,0; = NaAg(50;) + NaBr
With I, it gives Na,5,05
iZ o 2N325203 = Na;S‘,O(, + 2Nal

This reaction is quantitative and is the basis of mostL iodometric and
iodimetric methods of analysis, e.g., in the determination of Cu*?. The
formation of S404 2 ions occurs only with weak oxidizing agent, such as I,.
Strong oxidizing agent converts the $,04™ ions 1o SO472 ions.

Na,5,05 is also used to remove excess chlorine in the bleaching industry.
for this reason sodium thiosulphate is also known as antichlor.

Structure : $;0572 ion is similar in structure 1o SO4~? ion. The mode of
preparation from SO472 and S itself is indicative of the structure :

=2 - ? - 2
0—-S§: + 8 = 0—S—S
|
0 R
This $,0472 ion is, in fact, SO42 ion in which one oxygen atom has been

replaced by the sulphur atom. In $;0472 ion the central S atom has oxidation
number —2. The average oxidation number of S in $,0572 ion is +2. The two S

atoms are, therefore, non-equivalent. There is no transfer or exchange of S atoms
in $,0472 ion.

When NayS,0; is treated with a dilute solution of a strong acid, H35504
formed in solution is readily decomposed to give elementary S and SO, :

Na,S;0; + 2H* — 2Na*+ S5 + H,50,
)
SO, + H,0
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Peroxysulphuric acids : Two important acids containing —O0—0O—
link are known. These are :

Permonosulphuric acid (Caro's acid}—H,SOs
Perdisulphuric acid (Marshall's acid)}—H, 5,04
H,S5,05 is obtained by various methods :—

(a) S04 formed in small amounts by an electric discharge in a mixture of
SO, and O; dissolves in water to give H;S,04.

(b) Action of cold concentrated H,SO, and concentrated H,0, gives HyS,04:
2H2504 + HgOz = HzSzOs i 2!‘!20

(c) Anodic oxidation of H;SO4. (60% solution) gives H,5,05 (see page
..... 3
2H502_ -2¢ — HzSzOg

Concentrated H;SO, is electrolysed in a cell having Pt anode separated from
the copper cathode coiled round the outer cylinder.

If concentrated solution of (NH,),SO, or K;SO, dissolved in concentrated
H,S0; is used as the electrolyte, crystals of (NH,),5,05 or K,5,04 separate out
at the anode compartment.

(d) Pure H,S,0; in the anhydrous state is made by the reaction of
chlorosulphonic acid with pure H;0; :

/CI H
2025\ + = H,;$,0, + 2HCI
OH H

H,S,05 is a very hygroscopic crystalline substance, melts at 65°C and
decomposes with loss of oxygen. It is hydrolysed easily giving first H;SOs and
then H,0, and is used for the technical production of H,0,. The acid and its
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salts are powerful oxidizing agents. In alkaline solutions Ag, Ni, Co, Pb clc. arc
converted to their peroxides :

2AgNO; + K,5,0; + 2H,0 = 2KHSO; + 2HNO; = Ag0,
K,S,04 oxidizes Fe*? 1o Fe*3, Cr*2 to Cr*3 and to CrO4~2 and even I; 10 105,
But it does not decolounize KMnO,4 solutions.

Caro's acid, H,S0s : It is obtained from K,S,0; by the action of H,SO; at
low temperature and controlled hydrolysis with ice :
K;S,05 + HySO, = H,8;04 + H,80,
H,$,0; + H;O = K;504+ H;50,
When SO; reacts with Hy0,, Caro's acid is formed :
S0, + H,0; = K504
It is also obtained when CISO;H is reacted with proper quantity of H,0;:
Cl H—O

et
S e

H,S05 15 also readily hydrolysed to give H,0, and H,S50,. In fact, these
acids are derivatives of H,0; containing —O—O— linkages and H atoms
replaced by HSO; group one by one :

0,5 — H;504 + HCI

0 (6] 0
| | | ;
H—0-S—0—0—H H—O0—S§—0—-0—-S—0—H
| | |
(0) O (6]
Caro’s acid Marshall's acid
(Permonosulphuric acid) (Perdisulphuric acid)

CHROMIUM, MOLYBDENUM AND TUNGSTEN
(The Elements of Group VIB)

The clements of sb-group VIB, Cr, Mo and W are transition metals.
Uranium used to be included in this group, but U now belongs 1o the Actinide
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scrics of elements and hence it is excluded from this group. In the present book
the individual chemistry of chromium will only be described.

Although Cr, Mo and W (Wolfram) have some similaritics with the
clements of group VIA, O, S, Sc and Te, the marked diffcrence between sub-
group VIA and VIB arises due 1o the clectronic configurations.

Comparison between S and Cr groups :

(a) Similarities : There is no resemblance in the various elements of
the group except in certain compounds, such as,

(1) Both the sub-groups exhibit the highest oxidation state of +6 in many
compounds, ¢.g., H,SO,, H,CrO, eic.

(2) The compounds, CrO,, MoO; and WO, are highly acidic as is SO, and
with waler produce the respective acids:

(3) SOs 2 and SeQ,~2 compounds are isomorphous with CrO,~? and
MoO,2 compounds and show similar behaviour.

(4) HyCrO4 and H,MoO, have similar acid behavior as H;S80, and H,S¢O,.

(5) BaCrO; is as insoluble as BaSO,, Similarly, PbSO4 and PbCrO, arc
insoluble compounds.

(6) CrO,Cl, behave like SO,Cl, in some propertics and particularly in casy
hydrolysis.

(b) Dissimilarities : The points of dissimilaritics can be best understood
from the electronic configurations. In the case of Sulphur Family the outer
electron levels have the arrangement of s?p*, but the arrangements in Cr, Mo
and W as,

S (16)—Ne core, 3s23p*

Cr (24)—Ar core, 3d34s!

Mo (42)—Kr core, 4d55s!

W (74)—Xe core, 414 5d%s?
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The outer electron orbitals in the case of Cr, Mo and W consist of 3d34s!,
4dSSs', and 5d%s? respectively although the total of 6 valence elcctrons are
present in cach sub-group. The presence of incomplete d orbitals in Cr, Mo and
W makes their chemistry very diffcrent from'those of the S group.

Some of the points of contrasts may be enumerated as follows :—

1. Chromium group elcments arc transition metals with high density.
Sulphur group elements arc mostly non-metals, only tellurium shows metallic
property.

2. Chromium group metals occur only in the combined state and are
extracted from their ores with difficulty. Sulphur group clements occur free in
nature and also as compounds.

4. Lower oxides of chromium group elements are basic or amphoteric. Thus
CrO is basic and Cr,0; is amphoteric. But lower oxides of sulphur group are
acidic. Thus SO,, SeO, are acidic.

5. Chromium group clements show a large number of variable oxidation
states than sulphur group and form coloured compounds. K,Cr,04, KCrO, and
K,CrO, are coloured.

6. Chromium group elements do not combine with hydrogen to form
volatile hydrides. But H,S, H;0, H,Se are very well-known compounds.

7 Three is a marked tendency for the formation of more complex ployacid
compounds in the case of chromium (and particularly Mo). Ammonium
phosphomolybdate (NH.);[PM0;204] is @ well-known example.

8. Chromium group elements, because of the unfilled d orbitals, form a
very large number of complex compounds which is not so well-marked in the
sulphur group.

Cr(NH,),Cls. Cr(H,0)Cl; etc. are Cr-complexes; but no such compounds
are formed with sulphur.

Chromium in some of its properties resembles Mn and Fe which are in
group VII and VIIL. The metallic property, oxidation states, oxidizing and
magnetic properties of some salts of Cr, Fe and Mn appear to be alike because
these ar 3d transition metals.
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Group Properties of Cr, Mo and W

(a) Physical properties :
and W are given in Table 214,

Some of the physical properties of Cr, Mo

Table 21.4. Physical properties of Cr, Mo and W.

Element (r Mo w
At. No 24 42 74
Al WL 52.01 95.95 183.92
Outer clectron orbitals 3d%4s! 4d35s’ 5d*6s?
lonization potential (ev)  6.74 7.35 7.98
Atomic radius (A) 1.25 1.36 1.37
Tonic radius

on M*6 (A) 0.52 0.62 0.68
Melting point (°C) 1575 2620 3370
Boiling point (°C) 2475 4800 5930
Oxidation potential (v) Cr/Cr*20.91 Mo/Mo*? 0.20 W/W*20.04
Electronegativity 1.56 1.30 1.40

Table 21.5. Reactions of Cr, Mo and W.

Reaction with Cr Mo W Conditions
Air (09) Cr04 MoO4 WO, On strong
heating
F2 CrF, MoFg WFg On healing
Cly CrCly MoClg WCl, :
Bry CrBry MoBry WRBr,
Acids Cr*2.Cr*d ; 48
(HC1LH,SO4) r4Cr No reaction No reaction
HNO; Cr*3 Soln. McOy ppt. WO, ppi. Boiling
Alkali CrO;” (Soln.)  No reaction  WO;2(soln)  Boiling
Carbon CryCy wC MoC High
interstitial Refractory  Refractory lemperalure
N, CIN No action No aclion On strong
(hydrolysed) heating
S CrS Mo§, WS, On heating
H, No reaction No action No action Adsorption
Important Special Special Filaments
uscs steels stecls
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(b) Chemical properties : The valence clectrons of Cr, Mo and' W
throw some light on the patiern of chemical propertics which are cxhibited by
these transition metals. The reaction of these metals with familiar reagents do
not follow any trend but are varicd in natre, Instead of describing rcactions in
details, these arc summarised in Table 21.5 for ready reference.

CHROMIUM

Sources of chromium : Chromium does not occur free in naturc. The most
important sources arc :

Chromite, Chrome iron stone—F¢0.Cr;O;3 or FeCr04
Crocoite, Lead chromate—PbCrO,
Chrome ochre—Cr;0;

Chromile is the only important ore which is profitably utilized for
obtaining chromium and all its compounds.

Metallurgy of Chromium

Metallic chromium is normally extracted from chromite or chrome iron ore,
FeO.Cr,05. The extraction of chromium from chromite depends upon the use for

which it is intended.

Ferrochrome : Chromium for steel industry is generally converted to
Ferrochrome. The crushed chromite ore is freed from the ganguc by washing
with a current of water, The heavy chromite ore is left behind while the
impuritics arc washed away. The concentrated chromite is then reduced by means
of carbon in an clectric furnace 1o give femrochrome

Thus Cr;0; can be obtained from Na,Cr;O; by cither mcthods through
NaCrO; or through (NH,),Cr;0, as given in the flow sheets on page 601. If
K,COj is used instcad of Na,CO;, the product formed is K,Cr,0, which can be
trcated in similar manner to get CryOs.

Chromium metal is obtained from Cr;0; by aluminothermic process. CryO4
is mixed with Al powder in a crucible and ignited by mcans of Mg ribbon and
BaO, powder. The high thermal encrgy reduces Cr04 10 Cr:

Cr;03+ Al — ALO; + 2Cr + 112 Kcal
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FeO.C l'zO] NapQy »

; . fused mass
chromite  excess air
(fused)
waler
leached
Na,CrO, Fe,0;4
in solution insoluble
dil. H,S0,
crystallized 25
Na,Cry,0, ¢ 2 Na;Cr,0,
solid in solution
heat|+ C NH4Cl
NaCro, (NH,),Cr;0, solid —=24 1,0,
chromium
sesquioxide
hydrolysed
Cr,0, heat | +Al
chromium +Al
—_—
sesquioxide heat Cr metal
Cr meual

The reactions involved in the fusion process of chromite are given by the
following equations :—

1. Fusion :
4FcCryO4 + 8NayCOy + 70, = 2Fe,05 + 8Na,CrO, + 8CO;,
2. Dichromate conversion :
2Na,CrO4 +H,S0, = NayCr;05 +Na,SO, + H,0
3. (a) Reduction :
Na,CryO4 + 3C

2NaCrO; +3CO
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(b) Hydrolysis :
2NaCr0O; + H;0 = 2NaOH + Cr,0,

4, (a) Ammonium dichromate conversion :
NayCr0;7 +2NH,Cl = (NH,),Cr,0; + 2NaCl

(b) Thermal decomposition :
(NH,),Cr,0; 225 N, + 4H,0 + Cr,0,

5. Extraction of Cr :

Cr;05 + Al = ALLO; + Cr

Properties of Cr : Chromium is a silvery white and hard metal and has
high resistance Lo corrosion. Its lustre is like platinum and remains untamished.
For this reason, chromium is much used in producing chrome-plated copper and
iron materials for motor cars and domestic use. In fact, chromium metal is not
very much extracted from chromite but converted to either ferrochrome for steel
industry and to chromium compounds for chrome-plating and other purposes.

Chrome plating : This is, in fact, a process for the production of
chromium metal by the electrolytic reduction of chromium compounds from
aqueous solution. For this purpose, solutions of H,CrO, together with
Cry(S0,), or other salts, such as borate and phosphate, are added to the
electrolytic bath. Very small amount of Cry(S0,); is needed. The mixed
solutions constitute the electrolytic bath. High current density is used. the article
to be plated is the cathode and lead (Pb) is the anode.

Chromium is a rather difficult metal to use as a plating clement and the
coating tends to fall away due to the porosity. For this purpose, the article to be
chrome-plated is given a very thin coating of copper or nicked first and then
chrome-plated giving the bright platinum-like appearance on polishing which is
not staincd cven in rain water
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COs2 + 8H,00 + 66 —» Cr? +12H0
Cr*? + 3¢ — Cr(meal)
ClO;2 + B8HO* + Y% — C +12H0

Thus the real plating agent is Cr*? ion, But the actual concentration of Cr*?
ion in the plating bath is kept very small because under this condition the
formation of hard deposit of chromium mectal takes place.

Although chromium metal is more electropositive than iron and reacts with
dilute acids to evolve hydrogen, yct it acquires a firmly held thin film of oxide
coating which renders it chemically inactive and it is said to be in the passive
state. Chromium cxhibits greatcr passivity than any othcr metal. Passivily is
produced by the action of concentrated HNO,, H,CrO, or exposure of the metal
Lo air.,

Uses of Chromium : (i) In making chrome stecl, these are very hard and
tough and contain various proportions of chromium.

(ii) Stainless steel : Stainless steel : 12—14% Cr, 0.3%C and rest
iron, does not rust and is used in making cutlery, turbine blades, valves eic.

(iii) Nichrome (Chromel) : 60% Ni, 15% Cr and 25% Fe, is used as a
resistance wire in heaters and in electric fumace since it is not oxidized at high
temperature by air.

Some Important Compounds of Chromium

Chromium is a transition metal with 3d%4s' valence electrons and
chromium compounds can have several oxidation states. The compounds with
+2, +3 and +6 oxidation states are the most common. Compounds with +3 state
are very stable, those with +6 state arc good oxidizing agents and compounds
with 42 state are good reducing agents.

Compounds of Cr of +2 oxidation states : Cr (I1I) compounds :
Chromium metal is electropositive and in the finely divided state dissolves in
acids evolving H, :

Cr + 2HCI = CCl; + H;
Cr + H,50, CrSO; + H,
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Cr(I)halides : These can be obtained by the following methods :—

anhydrous

(ignited)
(1) Cr metal + Cl; = CrCl, chromous chloride

Zn
+HCl

(3) CrCl + HF — CrF, + HC

(2) CrCly + H, - CrCl, + HCI

(4) Cr+ I, = Crl; in preference to Crl,.

Anhydrous CrCl, is colourless but its solution in water has the bright blue
colour of the hydrated Cr(H,0)¢*? ion. This is unstable and easily oxidized to the
hydrated Cr(H,0)4*? by acrial oxidation.

Chromous sulphate, CrSO,4.7H,0, prepared by dissolving the metal in
H;S04, is isomorphous with FeSO4.7H,0 and also forms alum,
K;50,.CrS0,.6H,0.

Chromous acetate, Cr(CH,COQ), : This is prepared in the form of a red

precipitate when a saturated solution of sodium acetate is added to a solution of
CrCl, in presence of H, :

CrCl, + 2CH,COONa = Cr(CH;CO0), + 2NaCl

Chromous acetate is insoluble in water and very stable. In general, acetates
are soluble but chromous acctate is an exception.

Chromous hydroxide, Cr(OH); : This is obtained as a brownish-
yellow precipitate when NaOH is added to CrCl, solution ;

CrCl; + 2NaOH = Cr(OH), + 2NaCl

Cr(OH), is readily oxidized by air to the green Cr(OH),, much faster than
Fe(OH),.

Cr*? forms relatively few complexes. Solutions of Cr? are the strongest
reducing positive ions in aqucous media, Cr*2 forms stable complexes with NH;
and CN™ as in

[Cr(NH3)6]Cl, and K [Cr(CN)g)
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Chromium(lil)compounds : Compounds of Cr of +3
oxidation states : This is the most stable oxidation statc of chromium and a
number of intensely coloured hydrated salts of trivalent chromium are well-
known. The aqueous solution invariably contains the Cr(H,0)¢*? ion which is
violet but the Cr*3 salt solutions are often green due to the exchange of H,0
with anion present in the Cr-compounds.

O
[Cr(H;O}.«,] 3C13 hea le(HzO)sCIrZC]] + H;O

Cr (IIT) oxide, Cr,0; : Chromium sesquioxide is the middle member of
the series of this oxides of Cr, namely CrO (basic), Cr,O; (amphoteric) and CrO;
(acidic) having Cr in +2, +3 and +6 oxidation slalcs.

Cf;()j is obtained by various methods :—

(NH4)2C1‘20¢ '—) szO] + N2 + 4H10

Na,Cr;0;+ S aeal, Na, SO, + Cry,0,4

INaCrO, + H,0 224l

= CryO; + 2NaOH
Na,Cr,O; + NH,Cl 225 Cr,0, + N, + 4H,0 + 2NaCl
Cr,0; may also be obtained by heating Cr(OH), precipitate obtained by
adding alkali to a Cr*? salt solution :

ZCT(OH):g —¥ C&O] + 3H20

Cr;05 has a beautiful green colour, insoluble and inert and is used as a
pigment under the name Chrome Green. Cr,0; may be obtained from the
mineral chromite already described before.

Chromic hydroxide, Cr(OH);: When a Cr*? salt solution is treated
with alkali hydroxides, carbonate or a solution of sodium or ammonium
sulphide, a blue-green precipitate is formed which is Cr(OH); but is hydrated to

various degrees. The gelatinous precipitate is assumed to have the composition
Cr(OH)4.(H;0),. This is amphoteric dissolving both in acid and alkali solutions
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Cr(OH),+ 3H* — Cr*? + 3H,0
Cr(OH);+ OH™ — Cr(OH),~ (Chromite ion)

The conversion of Cr(OH); precipitate o chromate by alkaline oxidation is a
quite familiar process in analysis. Cr(OH), is casily converted to CrO,2 by
oxidation with Na,0O,, NaOH + Br;, KNO; + Na;CO;, NaOH + H,0, etc.

Cr;03+4KOH +2— 2K,CrO, + 2H,0

Chromic chloride, CrCl; : Anhydrous CrCl, is obtained by the
following reactions :—

heat

Cr (metal) + Cl;—— CrCl,

Cr,05 + 3C + 3C1, 2224 2¢rCl, + 300

4Cf203 + 352‘:12 + 9Clg —E BCI'CI:; + 6501

Violet crystals of pure CrCl; are insoluble in water but dissolves in presence
of a little CrCl, or CuCl,. The dilute solutions of CrCl; in water is violet, but
the strong solution is green. The crystals of CrCl;.6H;0 in the solid form is
green. In concentrated solution [Cr(H;0)4Cl,]* is responsible for the green
colour whereas in dilute solutions [Cr(H,0),)*? assumes the violet tinge. This is
also true of Cry(SO,)s solutions.

Chrome alum, K;S0,.Cry(50,;24H,0 : This is obtained by adding
K;50, 10 a solution of Cr,(S0O,4); which is prepared by the action H,S0, on
freshly precipitated Cr(OH); or hydrated Cr,0,.

Chrome alum is manufactured directly from K,Cr,04 by reduction with SO,
in presence of H,SO; :

KCr;0; + HySO4 + 380, = K350,.Cry(SO,); + H,0

The deep violet crystals separate on evaporation of the solution, The crystals
can be grown to a very large sized octahedron. Chrome alum is isomorphous
with other alums. The cold solution is violet but on heating it tums green for
the reason stated in the property of Cr(H;0)¢*3 ion.



OXYGEN, SULPHUR AND CHROMIUM 607

The formula of chrome alum may also be writien as KCr(SO,),.12H,0.

It is the most important of the soluble chromium salts. It is used in the
tanning of leather, printing of calico, as a mordant in dycing industry and in
walter-proofing of fabrics.

NH,Cr(S04);.12H,0 ammonium chrome alum, is obtained by using
(NH,),Cr,0, as the starting matcrial.

Chromium(VI)compounds : Compounds of Cr of +6 oxidation
state - In the +6 oxidation state, chromium is usually combined with
oxygen.

Chromium trioxide, CrO;: It is obtaincd by adding concentrated
H,SO, to a strong solution of K;Cr,04 in the cold. Scarlet coloured needle-
shaped crystals, only slightly soluble in the cold acid, scparate out :

K,Cr,0; + 2H;80, = 2CrO; + 2KHSO, + H,0

CrO, is the anhydride of chromic acid, H,CrO,, and reacts with waler in
different proportion forming H,CrO,, H,Cr05, HyCriOyg etc. These acids exist
only in solutions :

CO, + HO0 = HCO, <= 24 + C0;?
200, + H,0 = HCr0, = 2 + CiO;?

It is powgrful oxidizing agent but does not oxidize CH;COOH or ether.
When heated, it loses oxygen forming the green Cr05

4CI'03 = 2Cl’203 P 301
CrO, is a covalent compound and melts at 169°C. The structure is given as,
(0]
Er
F N
o7 N o

" Potassium dichromate, K,Cr,0,: It can be directly obtained from
chromite ore by fusion with K,COj, and subsequent crystallisation on aqueous
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extract. When Na,Cr,0; is produced from chromite, the K-salt is precipitated
from Na,Cr,0; by adding KCl

Na:szo—; +2KCI = K,Cr;O; + 2NaCl

Potassium salt is less soluble than the Na-salt. Na,Cr,0,,K,Cr,0, and
(NH4);Cry0; obtained from chromite are the starting materials for most of the
chromium compounds. K,Cr,0, is an oxidizing agent and is used in quantitative
chemical analysis of Fe*2, soluble $-2, SO, ctc. It is also used in dying and
chrome tanning. A mixture of NayCry0; and H,S0, is used in chromic acid
mixture as a cleaning solution for glasswares in the laboratory. This is because
of the strong oxidizing power of Cry0,72 ion and dehydrating action of
concentrated H,50,.

Potassium chromate, K,Cr0O,: Potassium, K,CrQ,, or sodium
chromate, Na,CrO,, may be obtained directly from chromite by the reaction :

4FCC(04 + 8K2C03 + 702 = 2F€203 + 8KzCl’04 + SCOZ

The yellow K;CrOQ, is extracted with water and crystallised. It may be
obtained by the following reactions also :

2Cr(OH); + 10KOH + 3Br, = 2K,CrO, + 6 KBr + 8H,0
K.JCI'zOT +2KOH = 2K2CIO4 + H:O

When K;CrO; is added to BaCl,, the yellow BaCrOj is precipitated out. This is
used as a pigment under the name Lemon Chrome. AgNO; gives a brick-red
precipitate of Ag,CrO,. Pb-acetate forms two types of precipitates, PbCrO, is
yellow and is known as Chrome Yellow. When PbCrO, is digested with alkali,
itis converted to basic lead chromate, PbO.PbCrO,, which is known as Chrome
Red. By mixing varying proportions of PbCrO,4 and PbO.PbCrO,, another
pigment is obtained which is known as Chrome Orange.

The chromate-dichromate equilibrium : Cr*$ generally cxist as
Cr;0,72 ion in aqucous acid solution but in the ncutral or alkaline solutions it
forms CrO,2 ion. Thus by adding acid 1o the yellow CrO,~2 solution, it changes
to orange Cr;O; 2 ion :

Cr0; 2+ 2H* = Cr0;2+ H,0
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On adding alkali to Cr;0,2 ion the orange colour is changed 1o yellow of
Cl'Oq_z :
Cr;O-,"z +0OH = 2CT04—2+ H;{O
In strong acid solution, further linking of CrO,~2 to morc condensed

polychromate occurs. The CrO4~2 has similar structure as SO, and in Cr,0,2
the atoms are linked through an oxygen atoms as in pyrosulphate :

(6] -2 " 0 0] ‘l—?

| | |
O0—Cr—0 and O0—Cr—O0—Cr—0

| I |

0] (0] 8]

It is to be noted that when Pb-acetate solution is added to K,CryO5 solution,
the precipitate of PbCrO, is formed rather than PbCr,0, because the solubility
product of PbCrOy is much lower than that of PbCr;0;. The small amount of
Cr0O47% in Cry05°2 solution is precipitated out as PbCrO, shifting the
equilibrium toward CrO4~2 ion.

Chromyl chloride, CrO,Cl,: This is analogous to SO,Cl, and
contains Cr in the +6 state. This is formed when a metal chloride, such as NaCl
is heated with K,Cr,O and concentrated H,S0,.

The deep red vapour of CrO,Cl,, which evolves on heating, condenses to a
dark-red liquid at the room temperature :

K;Cr05 + 6H,S04 + 4 NaCl = 2CrO,Cl+2KHSO,4 + 4NaHSO4 +2H,0
The vapour of CrO,Cl, is soluble in watcr by hydrolysis :
CIOQC|‘1+ 2“20 = HQCT'Oq + 2HCI

The aqueous solution gives a precipitate of PbCrO, with Pb-acetate
solution.

Neither bromide nor iodide forms this type of compound and the formation
of CrO,Cl; is used as an efficicnt means to detect the presence of CI- either

alone or in presence of Br and 1™ ions.

—39
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Peroxychromates : A number of perchromates has been made but the
familiar bluc ether soluble CrOs is obtained by adding H,O; 1o a solution of
K,Cry07 in presence of HySO4. The peroxychromate gives blue solution
extracted by ether. CrOs is only a possible composition and ACrOs has also
been proposed for the same substance.

Molybdenum and Tungsten

Molybdenum occurs chiefly as molybdenite, MoS,. and tungsten as
wolframite, FeWQ,. Mo and W arc obtained from the respective ores by the
following processcs :

H, or Al
heat —Mo

MosS, masting_’ MoO,
Oy
Fe, 04 insolution

Na,CO
F{'.WO4 = A

'4 Na, WO, HCI c
water soluble — = WOs o W

The propertics of Mo and W are subjected to the dragging effect of
lanthanide contraction and the +6 oxidation states arc important in both the
metals. Both MoO; and WO are stable and acidic but less than that of CrO;.
MoQ; and WO; dissolve in alkali to form molybdates and tungstates containing
MoO42 and WO, ions respeclively. The tendency for condensation of
molybdate and tungstate ions is far greater than that of chromate and hence
ploymolybdates and polylungstates are quite numerous.

Ammonium molybdate, (NH,);M0Qs, is formed when MoO; is dissolved in
NH,OH and recrystallised. (NH,);MoOj is the familiar compound used for
testing PO,~? ion. In presence of HNO; ammonium mloybdate gives a canary

yellow precipitatc usually called ammonium phosphomolybdate of the
composition (NH,),P0,.12M00;.H;0. Both M and W show variable oxidation

states as discussed betore, parucularly W has +2, +3, +4, +5 and +6 slates.

Uses of Mo and W - Molybdcnum and wngsien are used o produce
special steels and for high speed tools.
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QUESTIONS AND PROBLEMS

1. How would you prepare the following compounds ? Give their reactions and tests :

10.

11.
12.

134

(a) Sodium thiosulphate, (b) Sulphonyl chloride.

What are persulphuric acids ? How arc thesc prepared ? Describe some important
properties of these acids,

Wnite the electronic structure of sulphur chloride.

Sketch and explain the [low sheet for the manufacture of sulphuric acid by the
Contact Process. Compare the different catalysts used in the process. Also give
the advantages of the Contact Process over the Chamber Process.

(a) What is chromite 7 What are its important uses ?

(b) Starting with chromite, how would you obtain pure Cr;0;.

(c) Cite some examples of the complex salts of chromium.

Describe in detail the various steps involved in the extraction of chromium metal
from its ore laying special emphasis on the type of equipments used in the
process, Give important uses of this metal.

Describe the preparation, properties and uses of the following :(—

(a) Ferrochrome from chromite.

(b) Sulphur trioxide.

(c) Sodium thiosulphate.

(d) Potassium dichromate.

Explain the principle underlying the use of hydrogen sulphide in group
separation of inorganic qualitative analysis.

Compare the chemistry of sulphur and chromium and mention uses of their
important compounds.

How would you prepare—(a) thionyl chloride from sodium sulphite. (b) lead
chrome [rom lead monoxide (PbO) (¢) chromium oxide (CryO3) from chromite ?

Give a brief description of aluminothermic process of chromium,

Starting from chrome-iron ore, how would you obtain specimens of the
following:—(a) K,CrOy ; (b) CrO;Cl; ; (¢) Cr05 ; (d) (NH4)Cr90 and (¢) chrome
alum ? Give equalions of the reactions involved.

Describe the preparation and properties of the following:—(a) chromyl chloride
(b) sodium thiosulphate. (¢) ferrochrome,

. Compare the chemistry of the following elements and their compounds (—

Oxygen, sulphur, selenium and tellughom. Justify their position in the Periodic
Table and give thair atomic structure
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16.
1

18.
19.

20.

2L,
22.

23.

24,
25
26.

27.
28.

29,
30.
31.

32
33.
34,

35.
36.

37

38.
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. Describe the preparation, properties and structure of the following : (a)

Sulphurous acid, (b) perdisulphuric acid.

What is stainless steel ?

‘Starting from chromite how will you get ferrochrome and potassium chromate ?

Write he structural formula of CrO4, [Cf(Hg()).g,]‘1 and K,Cr(Qy.

"H,S is a useful reagent in analytical chemistry” Discuss.

Draw and compare the structural formula of H;SO4, H380s, Hy8,503, H38,0 and
H;8704. Name each of these compounds and write at least one chemical equation
for each for their preparations.

An iron sulphide has been found to have the formula FeSx (x > 1 but not a whole
number). Comment on the chemical nature of FeSx.

Why do the preparations of H;Se0, and H,S0, follow different processes ?

Can you visualize the existence of Oy, keeping in view that both O3 and SO4 do
exist ?

Draw the resonance structures of O; and Oy. Do they predict that O3 should be
relatively unstable 7 Which rule of resonance may be applied in this case ?
Explain : $O, is both oxidizing and a reducing agents.

Explain : Pure H,S80,4 conducts electricity whereas pure HCl is a non-conductor.
Sulphur shows allotropy whereas this property is not well marked in the case of
Se and Te. Explain.

SFg is well-defined compound but SClg is not known.

Explain O—O bond energy in O, is much higher than S—S bond energy in Sg.
Why ? '

Compare the properties of H;0 and H,S.

H,S is a better reducing agent then H,O. Explain,

The normal oxidation states of oxygen is —2 whereas S in the same group of
Periodic Table exhibits oxidation states -2, +4 and +6. Discuss.

Compare the chemistry of oxygen and sulphur,

Discuss the structure of S©,.

Compare the structure of $,Cl,, OF; and H,0,.

Describe briefly the chemistry of oxyacids of sulphur.
The structure of SO; in gaseous, liquid and solid state are not the same. Draw the
structure.
What do you understand by the term "depletion of ozone layer of the
atmosphere”? How this is happening 7 Describe the effect.

Disinfection of drinking water may be brought about by. Cl; or O3. Comment
which reagent is preferable for the purpose.
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40.
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Certain quantity of dissolved oxygen in water is necessary for life of aquatic
animals. What factors are responsible for the lowering of dissolved oxygen in
waler and to what adverse cffect.

Aluminium alum is used for water purification but chromium alum is not. Write
the formula and explain why chromium alum can not be used for water treatment.

Compare the oxidizing character of KyCry04, K35,07 and K38,05.



