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/ -~ (a) Introduction =

About 35 hillion years ago, one billion years after the fomiation of the planet, tite first

-appeared on Earth, The first primitive forms may have survived through obtaining energy

dircetly by the anaerobic fermentation (i.e. fermentation in the absence of oxygen) of organic

compounds. Carbon dioxide was obtained as a by-product. About 2.5 million years ago,

- oxygen-producing photosynthetic' organisms appeared and the concentration of atmospheric

oxygen increased. Eventually, the composition of the atmosphere settled to the proportions of
gases that are associated with an unpolluted atmosphere today.

The nppmwmic coneentrations by volume of the entirenmentally important gaﬁes i the
unpoliu'"d atmosphere are:

ni!mget 1 78%, oxygen 21%3 carbon dioxide 0.035% (350 parts per million, ppm), methane %
1.5 ppm, dinitrogen oxide, N,0, 0.3 ppm, with the noble gases and udler vapour making up it
most of the remaining volume ; :

'I'he atnmsphere provides special conditions for chemical reactions, very diffe;=nt to those
“usually met in the laboratory. Thé concentrations of the gases decrease with altitude, the
temperatures are variable and dust particles cin provide catals tic surfaces. Many reactions of °

great environmental consequence: occur during daylight hours when the greater intensities of

high energy ultraviolet radiation from the Sun are sufficient to cause the breaking of chemical

s w"'.\-"ﬂ;r"'-‘-.r-—-j._u—;...-.-h P .

bonds. Such reactions are ¢alled photochemical and are important in protecting life on the

surface of the Earth from an excessive exposure to radiation. : g

It is heipful to recall a section of the electromagnetic spectrum which is shown in Fig 1. k
: |

= — . &

Wavelength/nm P 400 . 750 100000 - ;

Type of wave X—,rays © o ultraviolet - visible infra-red :

Fig 1 dtagram of pau uf lhe E[(’( i rwmgm'nc spectruni

@ lhe wavelengths present in suhr radiation have the grealest intensities in thc visible region
© of the electromagnetic spectrum, between 400 nm and 700 nin, with a maximum intensity at
~about 480 nm. These wavelengths are not absorbed by an unclouded atmosphere but are
partially absorbed at the Earth’s land and sea surfaces and the energy is re-radiated as infra- b

red radiation (i.e. heat. at much longer wavelengths) thus maintaining the temperature close to- ‘

+he Earth’s surface. Sce Fig 2.
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(b)  Thestructure of the atmosphere

Four distinct favers can be recognised within the atmospheie  In increasing altitude from the
Earth’s surface, these are the uopospheie. the stratosphere. the mesosphere pnd the
thermosphere  Of these, only the {irst two wili be considered in detail

The noposphere
| "

1 R s

This layer extends to a height of approximately 15 km. 1The gases in it are extensivelyv mixed

hoth by convection currents from the Earth, which has hf’f_‘n heated by solar radiation, and

also as a consequence of the Earth’s rotation about its axis. The te ‘mperature decreases with

increasing altitude in the troposphere because heating 'i"-‘ e contechion decreases »Hh

Il]thd\HIh_{“‘\[dI]U f:nm thc Carth's surface, A [ lnrthc; e lh,nf a5 the pressuie 'lf cleases,

the rising gas expands and therefore cools.
i T B G RO S

Lhe siratosphere

This is a Iaver of stable atmosphere  extending  fiom about 15 km to 60 k' The
_temperatute incicases with altitnde as a result of the {ollowing two pairs of photochemical

reactions which, in “Uih r n-;e\, are Mulhmmu OV L]d”

(1) The fitst pair of reactions is as follows. Initially, there is a hreakdown of oxygen

molecules into oxygen atoms, O(g), and excited (high energy) nxygen atoms O*(g).

1 Oz() —%— O(g) + 0*(g) (1)

This requires energy, which is supplied by ultraviolet radiation (represented in the equation as ' %
U’) with wavelengths of less than 242 nim. The shorter the wavelength, the more energetic the
ave is and the more energy’is given to e exciled nxygen atom

LS T

Ozone, Oy, can then be formed, in an exothcrmic teaction, as a result of a reaction between
the excited mxl.en atoms and molecular oxygen in the presence of an inert third body (M),

ustally molecular nitrogen or oxvgen,

¥

O*(g) +Osg) + M(g) - Ox(g) + M*(g) AT =-103 1 mol™! ()

In the absence of the thitd body, the yield of ozone is much less because the third body carries
away the excess energy which would otherwise cause decomposition of the ozone hack to

melecular oygen and oxygen atoms again. : i

(i)  The second pair of reactions is initiated by the breakdown of ozone to re-form ol

molecular oxvgen and oxygen atoms.  The energy required, in this case, is supplied by i!
T

ultraviolet radiation of wavelengths between 290 nm and 330 nm.

Oafy) —25 Oy 4 O ()

B e P T



An exothermic reaction between ozone and oxvaen atems then eccurs and twvo moled

oxygen are formed,
03(g) + O(g) -» 205(g) - Al =-391 kJ mal”! 7 - (4

These two sets of reactions are particularly important in the stratesphere because the intensily
of ultraviolet radiation is high enough to dissociate the oxygen and ozone to an appreciable
extent, while the concentration of molecular oxygen is still sufficient to react with oxygen
atoms to form ozone. In the troposphere, much of the ultraviolet radiation has been already
absorbed at higher altitudes so its intensity is insufficient to generate enough oxygen atoms.

At altitudes above the stratosphere, very little molecular oxygen is present and any ovcygen

atoms fmmcd generally recombine to form oxygen molecules again.

The main reactions involved in the formation and destruction of ozone are shown in equations

(1),(2).(3) and (4).. These reactions, in an unpolluted atmosphere, maintain a layer of ozone

which is about 25 km above the Earth’s surface and has an average depth of about 15 km,
though wide variations occur. It is unsurprising that it should forin a layer. At lower
allitudes, there is insufficient ultraviolet energy to dissociate oxygen; at higher altitudes, the

concentration of oxygen is too low to teact with oxygen atoms to form ozone. Although this -

depth may appear to be substantial, it must be remembered that the pressute at this altitude is
low. If the same mass of ozone were to form a ga.seuur; lnver on the Earth's surface, it would

be no more than 3 mm thick.

The stratospheric ozone plays a vital role in that the reactions which lead to its formation and
destruction absorb a significant amount of the incoming ultraviolet radiation. This protects

organisms on the Earth’s surface from an excessive exposure to high-energy radiation which
can be very damaging. Without it, an increase in the incidence of skin cancer in humans

would, for example, occur.
The mesosphere and !hermosplwr-"e

" Above the upiper limit of the qlmtoephere (GO km). two further layers can be identified, the
mesosphele and the thermosphere. [n the mesosphere, the temperature, once again, starts to
fall as the concentrations of the reactants which provide the energy diminish. However, in the
thermosphere, the temperature rises as the incident radiation fiom the Sun becomes the

dominant feature.-

A summary ofthe changes in atmospheric temperature and pressute \\1lh increasing altitude is

shown in Fig 3.
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Residence tine

1

Mat the composition of an unpolluted atmosphere remains largely constant over many years
can only be explained if the sources which produce a particular gas are balanced by sinks - j.e.
processes which remove the same gas. If the rates of production and removal are the same. a

steady state is abtained in which the concentration of the gas remains essentially constan!

over time,

The term residence tine is_ used to express the average time that a molecule of a parncular gas

_spends in the atmosphere fr from its introduction by a source to ifs removal by a sink. This time
is a[Tec.ted not only by the rate at which it is removed by the sinks but also by the
concentration of the gas that is naturally present. Residence time may, therefore, be stated

more formally as:

steady 513;;&;14(.651[11119_11 of the gas present | uulm_ajmsghgm
ate of 1emoval of the gas {rom the atmosphere

residence time
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I'he appropriate residence times of some of the gases discussed in this booklet are ligye
below :

[ Gas [Approximate Residence Time
nitrogen dioxide 4 days ]
nitrogen monoxide 4 days
sulphur dioxide \ Jdays
ozone 4 weeks
carbon monoxide 6 weeks
methane 3.5 years
carbon dioxide 4 years
dinitrogen oxide 25 years

It is important to stress that thesc [igures apply only to unpoiluted atmospheres: human
activity has introduced such large quantities of zome gases that sinks cannot effectively
remove them, resulting in dramatic increases in their atmospheric concentration.

() The carbon cycle
The main_natwally occurting source of catbon dioxide is the aerohic respiration of living

organisms, an exothérmic process in which carhchydrate is converted into carbon dioxide and
water. Carbohydrate may be represented as “CI,0".

“CH;0" + 03 - CO; + Hy0

Carbon_dioxide is also produced in smaller quantities by photochemical oxidation of

hydrocarbons in the atmosphere. Methane is the most abundant of these hydrocarbons and is

produced by micro-organisms such as the bacterivin methanobacter in marshes and in paddy
fields. The main source of carbon dinxide resulting from human activity is the combustion of

lossil fuels for power generation, heating and transportation. Natural combustion_processes,

such as forest fircs, are anotiter source which increase  atmospheric carbon dioxide
concentrations. ' ' : ‘

The most important process which removes carbon dioxide is photosynthesis by green plants.
Photosynthesis is the reverse of respiration and is endothermic.

CO, + Hy0 <> "CH;0™ 4 0

Carbon dioxide is also removed when it dissolves into surface water. An increasc of pressure
results in increased solubility, but an increase of temperature reduces the solubility. Since
only about 30% of the Earth's surface is above sea-level, the oceans are_a major factor in
stabilising the atmosphetic concentration of carbon dioxide. The sinking of surface water in
cold latitudes serves to ensure continued absorption of carbon dioxide by unsaturated water at

greater depths.

Carbon dioxide 1s further resnoved when it is incoiporated into the shells of aquatic animals.

Carbon dioxide reacts with water to produce soluble hydrogencarbonate ions.
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The hydrogencarbonate ions together with calcium ions from the water dre taken up hy
organising and then converted by enzyme-assisted reactions into the structural material of the
shell. '

A simplificd version of the carbon cycle is shovn in Fig 4.
Y 4
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carbon dioxide of cement
dissolved in the
oceans
sea chalk and
shells limestone
v

Fig 4 - diagram of the carbon cycle

The _solubility of carbon dioxide in water can be calculated using IHenry’s Law which' states
that the solubility of a gas at a particular temperature is proportional to the partial pressure of
that gas. The partial pressure of a gas is the proportion of the total pressure that is contributed
by that gas. In a gaseous mixture, this is the lraction of the total volume that is occupied by
the gas multiplied by the overall pressure. '

Carbon dioxide is present as 0.035% of the atmosphere and the total hrcssure is 101.3 kPa, 50
0.035 :

its partial pressure is x 101.3 kPa.

i’
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Henry's Law then stales that

[COx(aq)] = ¢(0.00035 x 101.3)

where ¢ is a  standard constant (with units of mol din”? kPa™'y with valves which may b
readily obtained from tables. For carbon dioxide, ¢ is 3.34 x 107" mol dimn* kPPa™' a1 208 K.

This gives a value for the solubility ¢l carbon dioxide as
[COy(aq) ] =3.34 x 107" x 0.00035 X 1013 = 118 x 10 mol dn™
(c) The nitrogen cycle

Nitrogen gas is very unreactive and has a very long reswlence time. It is removed from the

atmosphere _through biological fixation, by oxidation to uitiate ions and by atmospheric
conversion to nitrogen oxides by lightning. However, the sinall quantities removed by these
processes me balanced by the release of pitrogen or one of its gascous compounds into the
atmosphere as a result of the action of bacteria. A simplificd version of the nibogen cycle is .
shown in Fig 5.

i -
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Fig 5 - the nitrogen cycle

Dinitrogen oxide, N,0, occurs in tiace quantitics in the troposphere.  Some rises into the
stratosphere where, as explained later, it is thought to be involved in the decomposition of

ozone.
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ganisi decay of proteins and is readily soluble in water (18 mol dm™ at 298 ["’E?;--'aflﬂ 3

giol.3 kP’a). 1t may be important in controiling the ptl of river water. i‘»iitr’ug‘,én dlbmaé:""
¥ present in small quantities, is also very soluble in water, but gives an acidic sr.vlut'l;ﬁn'(.'c_'i“"T

mixture of nitrous acid and nitric acid). again affecting the pll ol water. ‘

INO(g) + HyO(l) -» HNOy(aq) + HNOj(aq)
Nitrogen dioxide plays an ihlportanl part in photochemical reactions in the troposphere.

(n Pollution

The carbon and nitrogen cycles described above have natural sources, but these are being
enhanced by further inputs of gases as a consequence of human activity. Many of these extra
inputs are associated with processes involved in energy production and they have upset the
existing balance in the atmosphere. Tlie sinks for the gases are 1o longer adequate td:‘!r'geié\in
the existing steady state as the concentrations steadily rise. In addition, chemicals, which had
.. previously not been present in the atmosphere to any significant extent, may become involved

Eﬁin a complex web of interactions that is only now beginning to be understood. Pollution inay
he delined as: “The direct or indirect alteralion of the physical, thermal, biological or

radioactive properties of any part of the environment in such a way as to create a hazard or a
potential hazard to the health, safety or welfaie of any living species.” '

 Governments may be keen on the principle of reducing pollution but implementing policies
which will have a beneficial effect on the environment may (i) be costly, (i) cause
unemployment, (iii) increase prices of goods needed by many of the population.

Before considering some specific effects of atmospheric pollution, various aspects of energy
production and the methods of control of their waste products are now considered. '

(1) Fuergy production

»

The non-photochemical reactions of greatest environmental consequence involve the
y combustion of fossil fuels, especially for the large-scale generation of electricity. The impact
& of the internal combustion engine in this context i< discussed later, a

It is anticipated that power consumption is likely to ‘increase, both nationally .and
internationally, as a result of population increases, increasing prosperily and technological

developments.

) ; : y 2k .
At the present time, the main sources of power are based on the use of fossil fuels (coal, oil,

natural gas), nuclear fission and hydroelectricity. The World’s stocks of fossil fuels ate finite
" ““as fossil [uels are a non-renewable resource. Such is the likely increase in demand for power .

thal increasing efforts are being made to develop other energy resources.

Bhonia is another nitrogen compound found in the atmosphere. It is produced by&f’iicr&ai'f:- e
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Question

e 2 ] ) ! . o . . ;'
It has been estimated that the World s crude oil reserves may he used wp withiy (he

JEars.
(1) What processes will be affecicd if vil is unavailable
(ii) IWhat steps should be taken to preserve the World's oil reserves?

(iii) Hhat are tl:2 best alterr.ative sonrces of power for (a) vehicles, (i the PMroduction of
clectricity, in your country?

Fossil Fuels

Fossil fuels are used directly in space-heating and in the generation of electrical power. A
difficulty associated with electrical power is that electrical energy cannot, ona large-scale, be
readily stored. [Consider the bulk and cost of suitable batteries for Iargc-scnlecousumption in
relation to the accumulators in cars and electrically driven vehicles and in the use of batteries
in portable devices such as radios, cassette players,'cameras ete.]

The use of fossil fuels essentially exploits energy resources that were “stored’ fom limes ‘past.
In this respect, therefore, power consumption increases the present-day nate of energy
dissipation and might lead directly 10 an increase of global warming. “I'his e affect the
climate pattern - leading possibly to lucally extreme weather occurrences. such as unusually
low rainfall or unusually vigorous wind strengths. Increased warming mightlead (o melting
of polar ice masses, an increase in the mean sea-level and permanent flooding oflgw-lying

land. :

Question

It has been estimated that the glohal average air temperarre will rise by 2.5°C by he vear
2100. At the same time, the sea level will vise by approvimately 435 em '

(1) Whar are the likely consequences of these clanges?
(ii) What steps could be taken to control these increases?

Nuclear Lnergy
B In principle, a more efficient source of energy nright be obtained by using nuzleapower, It is
essentially harnessing the energy released by the radioactive decay of the isolype uanjum-
235. 'This isotope has an abundance of only 1% and its prodution, by extractingthe wanjum
from its ore and then separating the L isotope, is complex and, therefore, expusive, ‘[here
arc also the problems asenciated with ensuring safe handling of both the 2501 andihe products
. of its;radioactive decay. Consideration has to be given 1o the safe operation o the power
g , o p_lan_t":?;}:d the protection of the local and wider environments.
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erstandably, especially in view of a few widely publicised accidents that hayeIoc
B ople have strongly held views on the advisability of emploving such potenuaily dang
4 ethods of power production. A particular issue also concerns' the safe dlsposal' i
radioactive waste products which sometimes have half-lives of many years. Some colifii
do not have the facilities for dealing with such waste and, therelore, have to ‘cxpuij Vit to
countries that are prepared to deal with it. i
Considérable effort has been put into another approach \\_f]}'iCh_ is to oblaia energy by,
combining nuclei, i.e. nuclear fusion. It can be calculated, for example, that combining four
.noles of hvdrogen atoms to create one mole of helium atoms would release in the ofder of

10° kilojoules of energy. This reaction, which occurs in the centre of the Sun, produces
energy many millions of times greater than a chemical process.

The main products of the natural decay of radioactive nuclei ate a-particles ( "He nuclei), f3-
particles (highly energetic electrons) and y-rays (short wavclenglh and hence highly
energetic, electro-magnetic waves) y-rays. in particular, are very, penetrating .and requue a
thick sheet of lead to stop lhcm. The damaging eflect of these emissions on blologlcal tissue
is not fully understood but they undoubtedly have a role in distorting biochemical procedses

thus creating cancers and cell mutation.

ri3ackground radiation occurs naturally and is mostly considered to be harmless but a
particular hazard on which attention has been focused is associated wilh the noble gas radon.
LF)

Granite rocks, in particular, w1ay contain small amounts of uranium: radon is one 'r')f_lhg_',_

products of its decay. Because radon is a gas, it can seen out of the rock and concei'n has
been expressed at the apparently higher incidence of cancer amongst the inhabitants of houses
p

built on granite.
Qther energy sources

There are  several other methods of generating power. Currently, they have only been
successful on a local scale but they may have the potential for future development. The meérit
of each of these is their utilisation of natural resources and the absence of polluting by--
products. Their attraction is therefore obvious, although it is unlikely that these methods
would be zble to cope with a large-scale power output. In some instances too, the equipment
required lo convert the power source into a useable power supply may disfigure the

landscape.
(i) Hycdroeleciric power o

Iii areas with a sulficiently high rainfall and with rivers suitable for damming, it way be
possible to use the release of water to drive turbines. This can then provide a relatively,cheap
and efficient source of electricity. Environmental issues concern the damage to local ecology
caused by drowning river valleys and the positioning of the cables for transmilting the power.

v g




The absorptio “sunli T
i lati I -I . ',',[ .‘»unltphl h-' suifable ranels on the 1ools of hoses can be used o heat water
circulating aq s X c
l I' t”h i pipes and passing thiough the pancls.  Small devices. such as waiches and
calculators, can also e T Ty _ s, such as we :
.I itors, can also exploit sunlight as a direct sonrce Gl éherpy by wsing solur cellsmade ol
scemiconduclors. rey by nsing solar cells mide

(i) Wind and wave power

\\’im.lmills convert the kinetic energy of the wind into electricity. Iloweuvn ing s
cuns.!slcmfy windy site, as many as 800 windmills with rotms of .Sﬂ m di-uﬁt;:ssutm}”g[ ‘
required to provide the power equivalent to that supplied by a normal p(\\\'t‘r|ql'lliv1!l ":’\B[" :L
number of windmills may be unacceptable in an area that 'dc~|wqu largelv i (lnu!'i“.‘m ﬁ:liﬁi

income.

Suitably designed floats can be designed to convert the up-and-down motion of the sea into a
uselul encrgy output or tidal motion may be effectively employed.

Other methods include using the surface heating of the oceans or local hot-spots (e.p

volcanoes o1 hot springs) as an encrgy source.

(h) Fuossil fuel combustion

By their nature, fossil fuels generally occur underground and have to be extracted. Immediate
environmental considerations ‘include the hazards involved in the extiaction (e.g mining

accidents, fire hazards of oil-wells, oil spillages), and the disposal of spoil (e.g. slag heaps.
spent ash).

Sulphur compounds occur naturally both in_oil and coal and also_in mineral ores. e.g. as iron
pyrites, FeSy, in iron ore. Some typical sulphur contents arc listed below

Typical Sulphur Content
Substance (hy mass)
coal v between 0.5% and %
petiol (gasoline) (1.04%
diesel 0.22%
fuel oil i Iy 1.\'(:01)_925’.’ aand 3% |

An average sulphur content of coals might typically be approximately 1.5%. Of this 1.5%,
most (0.7% to 1.0%) is present as organic sulphur compounds, with less than 0.1% as
sulphate, the remainder being iron pyrites. The burning of such fuels involves dealing with
the sulphur either by its removal before combustion or by reducing the emission of sulphur

- dioxide into the atmosphete after combustion.

Power generation by using fossil fuels has other consequences; one being the products formed
: ituations, e g. car-engines, furnaces,

by such combustion, especially under confined s !
generators. These products include sulphur dioxide, carhon diexide, carbon monoxide and

nitrogen oxides.




high temperatures involved, the endothermic oxidation of nitrogen in the air occurs.

* ' Mo(g) + Oye) - 2HOg)

.

The drive for greater efliciency through the use of combustion at higher temperatures has led
o a marked increase in the emission of oxides of nitrogen.

3£ 1 the atmosphere. lurther oxidation readily occurs.

2NO(g) + Oafg) = 2NO;(g)

Nitrogen dioxide dissolves in water to form hoth nitric acid and nittons acid which is itself
further oxidised to nitric acid - an additional contribution to atmospheric acidity. Moreover,
the following gascous reaction occurs.

-~ S SOx@)+ NOs(g) > SOx(8) + NO() +

:f’(

FFrom these two_eyualions, it can be seen that nitrogen monoxide catalyses the oxidation of
sulphur dinxide to sulphur trioxide, an_important step in the formation of acid rain._ In
addition to their contribution to acid rain, oxides of nitrogen also play important roles in other

processes. They can cause respitatory problems in _humans and ipterfere with nitrogen

metabolism in plants. They are also heavily implicated in the_formation of photochemical
‘smog’, which is discussed later in the context of the pollution caused by motor vehicles: !

The removal of sulphur dioxide from coal

In the past, much of the sulphur in coal was released into the atmosphere as sulphur dioxide,
but various methods are now used to remove sulphur dioxide such that it can then-itself be
I

used in the manufacture of sulphuric acid, which is of major importance in industry.” %

(i) Fluidised Beds

t"When pas is forced through a suitably powdered solid, fhe solid is said to be '(luidised’ and
the surface area of the solid in contact with the gas is greatly increased. By burhing codl in a
hed of fluidised limestone, a high proportion of the sulphur can be removed, though, at the
temperatures emploved, nitrogen may react with oxygen 1o increase the proportion of nitrogen

oxides. The sulphur_in the pyrites is ux;dmecw;wmm which then reacts

with the limestone.

% SOz(g) + CaCOs(s) - C(-)z(g) b CaSO(s) - i

2CaSO4(s) +F Oy(g) -» 2CaS04(s)

ossil fuel combustion is, for obvious reasons, normally in air rather than in oxygen. At Ihei,; f
- \
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(i) _Alkaline Scrubbing and Flue Gas Desulphu isation

The removal f‘f sulphur dioxide from the flue gases is hecoming increasingly important ag 8
many governments are committed to a reduction in sulphur dioxide pollution.  Although the :
sulphur dioxide content of the flue gases from power stations is low (less than 1%), various
‘scrubbing’ izethods are used to remove the pas. The acidic sulphur dioxide is oflen reacted

with an alkali, a basic oxide or a carbonate,

Limestone and lime, as a slurry

Calcium carbonate and calcium oxide each absorb sulphur dioxide to form calcium sulphite
which may be oxidised by air to calcium sulphate.

%6 CaCO;(s)  SOy(g) -» CaSO;(s) + CO,(g)
Catas) 4 SOH(p) - Cal0y(s)

The sludge of hydrated calcium sulphate may be used in plaster-hoard or cement manufacture.,

T'he removal of sulphur from vil and gas

Crude «il and natural gas, like coal. often contain wnwanted snlphur compounds. By being
mixed with hydrogen, under pressuie, and passed over a_melallic salt catalyst, these sulphug
compounds can be reduced to hyvdrogen sulphids. ,

2RSH(g) F Ha(g) -» Ra(g) + 211,S(g)

R is the organic part of the sulphur compounds.

The resulting hydrogen sulphide can be separated from other gases present by using a
suitable solvent, followed by heating to release the gas and regenerate the solvent.

The hydrogen sulphide is burnt in a limited supply ol air. Under these conditions, most of the
hydrogen sulphide is oxidised to sulphur or to sulphur dioxide.

)}f ' e 2H,S(k) :l;(lz(g) > 2Hl10!s:) E2S0)
2H,S(g) + 30,(g) -» 2ZH0(g) + 250,(g)

The sulphur vapour is condensed and scparated.  Any unreacted hydrogen sulphide is
converted iato sulphur by reacting it with the sulphur dioxide produced over a bauxite

‘(aluminium oxide) catalyst.

S S 201,8() + SO(R) = 21L,0(g) + 38(g)




may wish to use gas for power generation in order to reduce pollution levels, but !hlq mav “be
a difficult decision if a country has to import natural gas.

(i) Lime and cement manufacture
A further process of considerable industrial importance which generates.carbon dioxide as a

potentially polluting by-product is the manufacture of cement.  The annual worldwide
production of cement is of the order of 1 billion tonnes. The essential reaction is as follows.

)Xc clay + limestone (calcium carbonate) - cement + carbon dioxide

Lime (calcium oxide) manufacture also involves the decomposition of limestone, carbon

dioxide again being a product.

¥ CaCO3(s8) -» Ca0(s) + CO(g)

() Acid rain

The carbon dioxide, oxides of nitrogen and oxides of sulphur whick occur naturally ihan

Natural gas, as supplied to consumers, contains a negligible amount nfeulphur G nvemmeﬁ ;

SRRt L e e

unpolluted atinosphere would be expected to give rainwater a pll ol about 5.6 - 5.0, Acid rain

is the term used to describe rainwater which has an acility greater, i.e. of lower pH, than the
natural value. In much of the industrialised world, the pH can reach values as low as 4Q ten
times more acidic than the unpolluted value. Globally, the natural and industrial emlssmns of
acidic gases are similar, but in the northern hemisphere over 90% of all sulphur dlofdde
emissions arise as a result of technological activilies. A

The details of the reactions which lead to the formation of acid wain me not fully undeistood

but may be summarised as shown in Fig 6. ) !
It is now realised that the acidity of the rain itself is only one [actor in_its damaging effects on
the_environmeny - its elfect_on the transport of metal jone in the soil, hoth beneficial "md

harmful, is at least as important.

The Efjects of Increasing Acidity on Aquatic Life %
Although it is difficull to separate the direct effects of a decrease in pH and those associated
with other changes, such as cation concentrations, there is a growing body of evulence that

many species of_aqualic_insects are affecled by increasing acidity alone.  Acidic waters
.Y p e e e,

support a reduced range of important food insects for fish, such ag mayflies, caddis flies.

stoneflies and snails. The decrease in the numbers of food insects for game fish, such as

trout, has had a particular impact on Scandinavian economies, ,where tourism 'md game
fishing are closgly linked. What is beyond dispute is the considerable reducuon m fsh
pupulnlmnq in Scandinavian waters. g;‘g‘
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There is some evidence that fish are directly affected by increasing acidity. though the greater.'

snlublhl)’ of both aluminium CUI]I[‘UHIHIS and heavy nyetal compounds in soils under such
circumstances may well be more important. The pills of fish are covered with a protective

mucus which can thicken and loze its protective gqualities in the presence of heasy metal jons

such as cadinivm and zine. A {uither complication can ooeny throvgh circumstanecs in which

(wo or more pollutants have a much preater effect when present together than either has on ils

own, Small amounts of zinc can greatly increase the toxicity of cadmium, lor example.

oxidation in the gas phase, catalysed by
melal ions in the atmosphere

- | 250, + 2H,0 + 0, ——= 2H,S0,
e NO, + H,0 + SO, ——= H,S0, + HO
emission I ) —
2NO + O, = 2NO,
SO, +0; --——= 80,+0,

L

—- chimney

combustion of
fossil fuel

. l; Fig 6 - acid rain formation a«é
The Effects of Acid Rain on Trees

It was the sight of vast tracts of dead and dying trees which first alerted people to the
seriousness of the threat posed by acid rain. _Acid rain can affect the soil in that nutrients are
washed away and heavy metal ions are ‘mobilised’. These toxic ions can then be taken up by
the tree roots and weaken the tree's resistance to disease and ex!remes of weather, The acid
rain falling on the trees may cause_direct damage and leaves may be shed and prowth
restricted. There is still a wide divergence of opinion as (o the causes of damage by acid rain.
It is likely that the relative importance of the various factors which contribute to the eventual
death of trees varies with.climate, location and the nature of the bedrock.
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The greenhouse effect

nergy is radiated from the Earth’s surface as infra-ted radiation which is
escaping completely into space (even in an unpol'nted wtmospnere) by lhe foi

mechanism.

Molecules such as water and carbon dioxide can undergo molecalar vibrations which invelve
a change in the dinole of the molecule. These vibrations have {requencies within the infra-red

region of the ¢leciromagnetic spectium_and some of the infia-red radiation .is_absoibed,

resulting 1n an increase in the temperature of the troposphers

Such molecules are said to be
1

e,

mfra-red active.

For example, carbou dioxide has three characierisiic vibrations. These are illustrated below.

uld be noted that only two of these, the asviinefrical stretch and the bending mode, _

It sho

involve a change in dipule. The third, the symmetical stictch, is therefure not able to absorb

in the infra-red region. Sec I'ig 7.

1

-:~:£, —0 (Dimmme G momoneiC) Ot}
asymmetrical slretch synunetrical stretch bending |

(two modes of equal
energy at right angles)

Fig 7

Itis uupm!an: i appreciate thai what is coromonly known as the ’ greenhouse effect’ might

more accurately be described as the ‘enfiariced _greenhouse effect’ in that a mechanisn.for the

trapping_ of infra-red radiation (i.e. for global wanping) exists cven in_an_unpolluted

atigsphere. U is estimated llml without this naiural greenhouse cffect the temperatire of the

=

-_'[he greenhouse eifect
increase in the concentration of infra-red active moleculeg i

—
\ e .
> 5 "

Earth's surface would be below -20 °C. Muman activity has simply increased the level of

carbon dioxide and other 'greenhouse gases' well above those found in the atimos phicre even a

s apn. Jostead of escaping. inte space, more of the infia-red radiation ftem the

fcw centuries
Eacth’s surface is retained by the atinosphers,

The atmospheric pases themselves ;adiate infra-red wavelen sthe in all directions, soine of
&

raich) heats the Earth’s surface, and this results in an increase in 1eai global teniperatures.

This increase, since 1880, is rather less than 1 °C. The efficiency of the g*eeidmuse effeu is

well illustrated by Venus, which maintaius a sut{ace temperature of around 450 7C ds a resuit
o ) ;‘ ,l |

of its atmosphere. which is 97% carbun dioxide. L,k

<

arises from the fact that if there is, as a result of human aclivity, an

n the troposphere, there is a

corresponding increase in the infra-red aus.erimn. This then leads to an ow,rall increase in

“the ave -rage global temperature. Sce Fig 8.
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The table below shervs the elleciiveness of various substances as gicenhouse gases fe aiiv,
arbon dioxide. The vmidliun in the Enenhnuxe '\r lm oceurs ;vullv because moleculs

)k Greenhouse | Percentage present
-~ 4 ] Gas Formula Factor in the froposphere
oy Y L/.% ' carbon dioxide CO, ] 3.5 %107 fop”
) methane Cl, 30 1.7 x !{} %Y
W/ﬁ} dinitrogen oxide N,O 200 3.0x 107%9%
{/ ' ozone 0, 2000 4.0x10°%
a CFC (see later) CClF; 25000 48x10%%

o
Né’i

: I i
\,

—_( Sunm .

|

l sunlight ; ' y
2 A g
i : = ~o
- ~~
visible | e Y T,
light agillt ultraviolet | ATMOSPHERE T
400nm-700nm |~ radiation _ . \
m/ g <400 nm - N
P S N, — ij‘.:
little absorption pactial absorption ™ infra-red radiation X
In the absence by ozone in the absorbed and re-emitted g
of clouds stralosphere by ‘greenhouse gases' %f

such as CO,, S0,; NO,
and CH,

emitted e

infra-red /
radialion _

e _ heating of the
-] Earth's surface

by the Sun's rays heating of the

Eailhv's suriace
by re-emilted infra-
red radiation ~ the
‘greenhouse effect!

» ' EARTH

A - . - Fig & - global warming, the greenhouse cffect
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‘ogen Monoxide

Fhere is evidence that natwally ocemring nittogen oxides are invalved in the destiuction of
ozone.  Nitrogen:monoxide is first formed during lightning discharges and mav then be
oxidised, by ozone, to nitrogen dioxide. The ntlrogen dioxide can then teact witli oxygen
atoms formed by the breakdown of ozone.

X

N,(g) 4 dl(g) — 2NO(g)
O(g) +0,(g) — NO,(g) + O,(g)
| NO,(g) + U(g) — N(')(g) +Oy(0)

It can be scen from these equations that because NO is regenerated in the third reaction the
nitrogen oxides can destroy many ozone molecules and can be seen to catalyse ozone

i adestruction,

i

A further source of nitrogen monoxide in the stratosphere results from the reaction of
dinitrogen oxide (produced by bacterial action at the E a:th s surface) and oxygen atoms from

the dnsocmu(m nfn;'one
K : ‘ N,O(g) + O(g) - 2NO1g)

Nitrogen monoxide is also a product of the high temperature combustion of nitrogen in car
engines or during the use of fluidised beds mentioned previously.

Fortunately. the stratospheric concentratiop of oxides of nitrogen is currently thought to be
too low to reduce the thickness of the ozone layer appreciably although, as with all aspects of
~the chemistry of the atinosphere, the situation requires careful monitoring.

{(m) Li' Cs
@
A more smuilmm threat to the ozone lasu atises throughthe use of chilorofluorocarbons
(CFCs) in acrosols, air-conditioning systems, tefrigerants and in packaging. They have

obvious advantages in these applications because they are chemically inetf; have low toxicity
and_are non-{lammable. . Their very incrtness was the clue to the environmental problems
which they have caused. They diffuse upwards through the atmosphere unchanged, until they
reach the stratosphere, where in the presence of ultraviolet light they dlssouate photolytically,
generating chlorine atoms which behave as free radicals.
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The chlorine atoms behave as fiee radicals as showinin the [ollowing sequence of reactions.

Initiation ,
\);.

. 1
RCIg) —¥s Re(g) + Clo(g) (RCI represents a CI'C)

Propagation
Oa(g) + Cle(g) = ClOe(e) + Oy(g)
ClOe(g) + Ofg) -> Cle(g) t O(p)

Overall, these two reactions represent destructic - of ozone according o the following

cquation.
O(g) - O(p) - 20,(g)

It can be seen that, because a chlorine atom is 1e-lormed in the second propagation step, nimy
molecules of ozone may be decomposed per atom of chlorine. This is, of course, similar to
the behaviour of nitrogen monoxide.

There are termination steps for the removal of chlorine-containing fice radicals which might
liit the destruction of ozone. Two possibilities are given below.

Cle(g) + CHy(y) - HCl(r) + CHye(g)

Clere 1 NO, - ClOHO),
(chlorine nitrate)

However, the hydrogen chlotide and chlorine nitrate can react together in the presence of ice
patticles such as those found in the stratospheric clouds in polar regions.

C]()NU) + HCE— (]2 + H’N(‘r;

The <hlorine and nittic acid stay uapped in the clonds until sunlight intensities increase in the
polar spring. The chlotine mnlecnles may then dissociate into chlotine atoms and play a
significant part in the particulatly seveie depletion of ozone which occurs in polar regions at

this time of the year, particularly in the Antarctic.
Ye . '

CFC§ with a relatively high proportion of chlotine are potentially the more damaging i this

context and are said to have higl: vzone depletion potential (ODP). The ODP value is defined

as the ratio of the'% (by mass) of the compound_in_the atmosphere to its residence time in_

years.
i
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The inertness (and. hence. relatively long residence times) of CFCs is explained by their

molecules being completely halogenated,

Alternatives to CI'Cs that have been proposed include hydrocarbons with an appropriate
volatility, such as butane, and_CFCs which contain at least one hydrogen atom in their
molecule. These are known as HFCs or HCEFCs. The hydreaen atom ean readily be displaced
by reactive chemicals in the troposphere (e p. by hydroxyl fiee indicals). This process helps
{@nilialc the breakdown ol the entite molecule.  The chlorine contained in HCFCs cannol

es of the ODI values of major commercial CFCs are shown below,

' Formula,
CChLIY,
CCLFCCIT,
CCIF,CCIE,
CCIF,CIy

time/years

Residence

75

11
)

185
380

then reach the stratosphere and damage the ozone layer.

Even with successiul recveling programmes, it has been estimaled that by the end of the
century the amount of CFC substitutes released into the atmosphere will be measured in terns

of hundreds of thousands of tonnes.

Human technological activity is'on the increase and will continue to have an influence on the
environment. That is why it is essential that continuing rescuch is devoled to investigating

and understanding the complex chemistry involved.

The environment has never been static but the rate of change has been relatively slow.
However, it is now being realised that profound and rapid changes are being brought about by
human activity and that the cumulative elfects of this activity can have potentially damaging

consequences lor the environment. See Fig 9.
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0,(y) —r 20(g)
O(g) + Oy(g) —= O4(9)

Ozone loss
= SUN e
o N
I | ; |
j uv :
-—H—‘-:—m - radialirm———:——-“"-
IJ. . ._-.____h_.HH,___L;qh I
CFCs oxides of nihogen
chlorine free NO miolecules

trecposphere -———— stratosphere

radicals ™~
These act as calalysls

in the destruction of ozone.
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The chemistry of the internal combustion engine i 11
. rtil

ri [
Refined fossil [uclq (hydrocarbon fuels), as used in vehicles. are a major sonice ufcnu'mo'w
such as_carthon monoxide, oxides of itrogen. and unburnt hydrocarbons.  (Leaded pclml is a

source of lead ¢ Lmnpouml pollution in the atmosphere.)

There is cunside:‘able variation in the composition of vehicle exhausts depending on its mode

of operation. The table'below gives some typical values. o - q
Mode of operation Some exhaust gases present
unburnt - nitrogen oxides ~ carbon monoxide
) hydrucarlmns {(ppm) (ppmy) (%o
idling 500-1000 10-15 4.9
accelerating 50-800 1000-4000 0-8
cruising 200-800 1000-3000 -7
decelerating 3000-12000 5-50 , - 2-9 ]

Carbon_monoxide is a colourless and poisonous gas which i= always formed when carbon

@ Compounds have insufficient oxygen for complete combustion, such as in the internal
combustion engine. It is fatal in an enclosed space. In many cities, especially at peak times
of heavy trafTic, the concentrations of catbon monoxide exceed recommended limits and thete

is a good correlation between incicased concentiations of carbon monoxide and increases in —

B s o .

recorded lieart attacks. Arctic explorers who used small stoves in tents kept as air-tight as K
P

possible often reported severe headaches or dizziness, apparently causcd by increased carbon 5
monoxide concentrations. : ;
Carbon monoxide can also take part in a complex series of reactions which leads ultimately i
i : ; : : : Sty " &

to an increase in the presence of undesirable low-level ozone (not to be confused with the 4

T R

ozone in the stratosphere). The two regions of ozone, tropospheric .m(l ﬂmtoqpllenc do not

appear to mix and exist independently of onc another. E’
Oxides of nitrogen, collectively known as NOy, ate produced by burning fuels in air (which is 8
approximately 79% nitrogen). The high combustion lemprature provides sulficient energy
fo_dissociate oxygen molecules into atoms whlch can then cause the following lree- radical
reactions (o occur.
N,(g) + Og) -» NO(g) + N(g) ;'
]

¥

{
. 71[ ' “which, overall, is Nz(g) + 0,(g) — 2NO(g)

N(g) + Oy(g) > NO(g) + O(g)

. i
-As with other reaction sequences that have been described, the second reaction produces an
oxvgen atom which can initiate the first reaction again. The resulting mtrogen oxides

Lonmbule to many effects, one of the most pronuncnt being acid rain.




Fmissions fiom vehicles also contibite o heavy metal pollution, 1 ead in the form of
organo-metallic componad tetacthe Vlead, PbiC M 5y, has Leen vsed as an additive to pcl

in vehicles for some e, 4t ig usedd to ensure g smooth tanning engine.  The weak lead-

carthon bonds are easily broken, piving CHLCThe (ethyl radicals) which initiate smooth

burning.

To prevent lead oxide veing deposited on the evlinders, 1.2-dibromoethane, (BrCH,CR 131,

i1s also added to the petrol. Volatile lead compound: e forméd which are swept out with the
exhaust gases. Lead can be ingested cither directly or inditectly thiough the food chain and is
the cause of considerable concern. It has been associated in humans with general mental

depression, slowness in reaction times and brain damage, particulaly in young children. 1t is

dancerons because it cannot easily be eliminated by the hody,

[.cad concentrations can be diminished by uiing non-leaded high-octane fuel.  An octlane
AL Ocane

raling is a measure_used by petroleum techuolowists to clinacterise the efficiency of a given

hydrocarbon as a fuel for engines. It is based on a scale in which the compound "2,2,4-
trimethyl pentane (which contains eight carbon atoms) is given a value of 100 and other fuels

arc-compared to it. The higher the octane rating of the fuel, the higher the temperature and

pressure it can withstand and the more eflfective the fuel is. When leaded petiol burns in the
internal combustion engine, the lead additives effectively raise the octane rating of the. fuel.
Fuel with a low octane raling can be converted into high octane fuel by being vaperised and
passed over a catalyst so that the hydrocarbon chains reform and produce those that can stand

the high temperatue.

Because of the hazards associated with the use ol leaded petrol, incicasing use is being made

of unleaded petrol. However, such petrol still results in the emission of nitrogen oxides.

carbon monoxide and unburnt hydrocarbons. The hydrocarbons present in unleaded petrol

include benzene which is known to be carcinogenic (cancer inducing). Problems associated

“with these emissions have already been discussed. One way of reducing these emissions is

the fitting of catalytic converters into the exhaust systems of petrol-driven vehicles.

Theré has, in fact, been much progress in reducing emissions from vehicles but there are also
some unforeseen consequences of these changes. Diesel engines are more efficient than
petrol _cngines_since, as they operate at_higher tempeiates, there is _more _complete

combustion of the fuel: Diesel fuel also contains moie carbon atoms per imolecule than petrol

so the cnergy relcased on burning one litre ol fuel is pieater. This leads to greater fuel

cconomy.  However, vehicles using diesel _as a fnel _can_emit dJangerous aromatic

hyvdrocarbons which produce carcinogenic products when incompletely binnt. Such vehicles
also produce 'lm)roxmiatelv fifty times as much particulate watter (PM) as a vehicle fuelled

by petrol.

The black smoke that may be releascd [rom the exhaust svstem ol a diescl engine consists of

tiny pamclcs suspended in the air and such emissions are measwied on a 'M scale. 'atticles

with a diameter less than 10 jun are described by the notation PM,, and there is much

cvidence that_particlés ol this size are damaging to health as they me small_enough_to

penetrate_decp _into-_the lungs.

emissions [rom engines are being brought into effect in many countries.

Increasingly strict regulations contiolling the allowable,
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'_.* ihe emissions stidngdards for gases such as suiphur diovide, nitrogeniyoxides and for; #
F particulate matter vary between countries. : o : ¥
i
(i) Do you-think that i; is necessar: or aceeptable for there to he national differences in
standards of pollution control? . ;
(i) Do vou think that it would be politically possible to achieve World emission
stancdards ' L
LB Ry
L %
£ () Catalytic converters i

, ; . ", o PiRgL v B4
is a mixtwe of expensive transition metals, pailad:um__.;”ahnum and

The catalyst uscd
f a honeycomb structure which maXimises the

thodium. They are used to coat the surface 0
Sarface arca on which heterogencously catalysed reactions take place. These three calalysts :

are selective in the reactions they promote. Palladium and plglinuin projpote the oxidation of -

. .ot . a o } it "
carbon monoxidv and of the unburnt hydrocarbons: thodinm promoles the reduction of
The reactions involved are favoured .at_typical exliaust

nitrogen_monoxide to_nitrogen.
@ temperatures (750 K to 800 K) but they do need an exact air/fuel gatio of 14,7 to }. Calalylic
converters are de-activated by lead (i.e. the lead is prcfﬂé;ﬂiﬂiv .aé“;orbéd on ’:{lﬁ'é"fciétalys'i
alytic,converters have fo use lead-

..__.,_...,..,.,*_.,__
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surface thercby vccupying their-active sites). Cars with cat

free petrol. ; R T T T SR (R
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The opération of catalytic converters may be smnmarised as follows. g T

N L LR G

AU ey "

() Carbon méhdx 'g’!é',._"af.bf)h‘,»_é_g'_t‘.and unburnt hydrocarbons (représeited as C,Hy) are %

oxidised tu‘t-‘.n'r.qtf:‘bkidé and water. . R i‘r

3 = 4 ke by

i b

2CO(p) + Oy(g) -» 2CO(g) f

|

'C(s) + Op(g) -» COx(g) [5‘

X3 CyHy(g) + (x + 1)) - xCOxg) 11 1500(g) F{g

’ o . k:‘

¢ (ii)  Oxides ol nitrogen ate reduced to nitrogen. . =

2NO(g) # 2C0(g) -» Naf®) +2€02@) by
1 by R b LARY B

‘There is a difficult dompromise between developing more power from the internal
combustion engine afld‘g_iliqip)ilig better fuel economy. More fuel (a richer mixture) results in
more power bul lhisrpri)d‘gp'.és miore unburnt hydrocarbons and more cm;ho;n_.;-’ﬁighoxi&lg _‘_‘;.Mnre'
air (a leaner mixture) is mpre economical but produces more xidiﬁ#‘ fﬁi__t._rr_ogcn:"__l’%:ély_tic
tonverters certainly po §ofre way to helping achieve a halal}({é-ﬁyﬁl}yﬁbj\_.fﬁﬁ\i}éfvﬁ'ti&&ﬁ. *betlet -
cconq_h‘iy and the reduction of harmful emissions.. Howevér, 41!-1’551&1'&:1 l_gp;;ﬁgcmbered that, iikc
so many chemical reactiohs, those in the converter do not occur al any apjireciable rate until
the catalyst is hot. A vehicle which is used for many shart journeys will be much more

. ;?)Jr;i!lutiug than onc ,gllat is used for fewer but much longer journeys.
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(n l.eauw-burn engines

An alternative approach to the reduction of pollution exploits improwed engine technology
which now makes it possible o manufacture engines which vse an airJuel mtio of 19:1.
These lean-buin engines require specially designed comhbustion chambers and electronically
controlled  fiel systems but, cquipped with cotalvtic con.ertors. are amongst the least
polluting systems available. - ' '

(q) T'hotochemical smog and PAN

Carbon dioxide, carbon monoxide, oxides of nitrogen and sulphur dioxides are examples of
primary pollutants, being produced scparately by the operation of the internal combustion
engine itsell. Secondary pollutants are formed as a result of subsequent reactions between
these primary pollutants and other exhaust constituents, such as unburnt hydrocairbons (fuel).

The most serious secondary pollutant which arises as a result of the motor vehicle is
photochemical smog. [t consists of a mixture of oxidising snbstances incInding ozone,
nittogen dioxide, an! peroxyace'ylnitrate (PAN, which is described later in these notes),
which together are extremely irritating (o the respiratery svstem. Photochemical smog is very
prevalent when, in sunny weather, there is heavy traffic. It is especially prevalent in certain

geographical locations (the most famous being that of Los Angeles).

A

‘The chemistry of photochemical smog formation is incompletely understood in detail, though
the following processes represent the principal stages.

£y

The formation of photochemical smog is most likely when there is:

bright sunlight,

e atemperature inversion ncar the ground (i.e. a situation where the air at low altitudes -
is cooler than the air which lies above it). ,i
. a relatively static air mass, e
. relatively high concentrations of primary exhaust pollutants. .
Reactions involving free radicals are complex and it is not necessary for them to be learned in -
detail.  Ilowever, an example showing how a, somewhat swprising, organic compound is %
generated through atmospheric free-1adical processes serves to illustiate some features of the (%

chemistry involved. These processes involve species, such as the hydroxyl free radical,
which are not normally generalcd under laboratory conditions. Many sets of 1eactions similar
to those outlined below may result in a range of pollutant organic products with etfects which

ate only beginning to be {ully understood.

T
EED LR

The scquencé of reactions leading ultimately to the formation of PAN involves [irstly the

production of ozone. Nitrogen oxides largely generated from the high temperature
combustion of nitrogen within petrol engines, followed by reactions utilising hydrocarbons, E‘;
enhance the production of ozone. It must be remembered that photochemical smog is formed h
in the troposphere, wl;ere the intensity of incident ultraviolet radiation is much less than in the E

S lrdlosf)l lere.
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atoms so formed and molecular oxygen. ' '

NOg) = 7 s NOg) 1 Org)
Ofg) + Oxtg) ¢t Ng) -» Oztey t M p)

(M is an inert molecule, such as nitrogen, which removes som= of the excess energjr of the
reaction as M*))

However, the oxide of nitrogen present in mahest concentration in car exhausts is NO) and this
must first he converted to nitrogen dioxide by the following reaction.

NO) = NO(g) = Oy(g) — 2ZNOy(g)

As this involves thice molecules, it is extiemely slow at the concentrations of nitrogen
monoxide that me present in the atimospherc.

Once ozone has heen formed, it is believed that the following reactions oceur.
photodissociation of 0zone to give oxygen molecules and excited oxygen atoms:
st~ 0y08) + %)
reaction ol excited oxygen atoms with water vapour to give hynh_nxyl tadicals
O*(g) + H0(g) > 2HOe(p)
formation ol an alkyl radical
RCH;(g) + 1HOe#(g) —» 11,0(g) + RCH;e(g)
formation ul'an- peroxy! radical
RCTa(g) 1 O > ROCTLOOW()
rapid oxidation of NO to NO),

RCILOOs(g) + HO - RCH,00(g) + NO,

¥ 1 is know ' v s for : : y o ‘
-,,/ _ n (h-fll Hu? n-nly w_nh‘lc mechanism for the formation of ozone in the tropésphéret
7 involves the dissociation of nifrogen dioxide followed by a reaction between the oxygen '

i
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oxtdation to an aldehyde

TRCHLOeg) 4 O RCTIO(R) 1 T1O 0

Peroxyacetylnitiate (PAN), CH;COO0,NO,, can be founed il the aldehvde pencrated by the

above sequence is ethanal,
The following reactions can then occuor,
CH;CHO + [10e - CI;COs + 11,0
CH3CO® 4 Oy - CHRCOU,,

CIH3C007 ¢ FNOy - CHRCOO,NO,
(PAN)

It should be emphasised again that there is no need (o recall this sequence but it does serve to
illustrate the intricacy of atmospheric chemistry and the unevpected products that may
ultimately be obtained. PAN is particularly irritting to the mucous membrane and is
believed to be largely respousible for the iritant effects of photochemical smog.  [he brown
haze characteristic of photochemical simog is largely due to the presence of nitrogen dioxide.

In cities such as Los Angeles, the peak incidence of photochemical smog occurs some time 3
after the morning rush hour: although the concentrations of primary exhaust pollutants are ,_]
high during the rush hour, the intensity of the sunlight is insufficient to drive the necessary
photochemistry until later in the morning. ‘ l
s

The disadvantages of low-level (i.e. in the lower troposphere) ozone may be snmmarised as:

. the formation of photochemical smog is enhanced, the compounds thus produced
irritate mucous membranes; _
. photosynthesis within plants is adversely affectd, their grovth is inhibited and their
resistance to pests is diminished. -

Example questions

l. Vhat i the importance of the stratosphere in the protection of Lile on Fardh?

2. - MNake a diagram of the nitrogen cycle, labelling each process and including the
formulae of the principal nitrogen compounds involved.  You should clealy
distinguish between those processes which take place in soil and those which take

" place in the air. . E.:}
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pases. e by
I thee B plant, the waste: gases are tieated with posedered limestone . Cal’ 0y, 3
producing calcium sulphite, Calt), This is oxidized by ate to form anlid calcinm ¥
; 3

sulphate. CaS0),

The diagram below shows the amounts of substances nsed, and produced, by snch a &
coal-fired power station with an FGD plant in one year. §

o, 107t t=1tonne
) s, = 1000 ky S
7 flue . SO, Y
- gases. (' NO, 5x1041t ‘ oo
\ /) ) ey e :
b
>
chlinney
air in excess ‘. = ¥

power station ash 8 x 105 1 oo

coal 5 x106 t . N e
- calcium sulphale -
. FGD plant I S E ]
limestone 3 x 1051 el e »= i i
- Y
(a) (i) What process provides the energy used in the power station? ;;‘ f
(11) Which gas, not listed i the diagram, is the chief component of the flue .;%
gases? |
(iii)  Explain why oxides of nittogen (NO,) are present in the [lue gases. i
f
& _ | :
(b) Write a balanced equation in each case to show how !
| ~ &
() limestone reacts with sulphur dioxide, b i
(i) air oxidises calcium sulphite. % |
i |
(¢) (1) Use the equation in (b)(i) to determine the mnwnum mass of sulphur, i It
dioxide which could be removed by 3 x 10* ¢ of limestone.in the FGD .‘;;l
I

plant. [t= tonne = 1000 kg.]

Use the equations in (b) to determine the mn‘mnum mass of calcium

(i
sulphate which would be produced from the 3 x 10° t of limestone.

LooXs
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(a)

(b)

()

(d)
(e)

(d) The FGD plant removes 90% ol the sulphur dioxide from the waste gases.

Using your answer to (c)(i), ceulate the mass of sulphur dioxide which is

[C‘ICHSCLI illf(‘ ﬂll.' Ell[I'IUSphCl't‘ einch vear |y\ {hj{; power 5{;1“(71” \\']!Cl! q X If]ﬁ f Hf'

coal are burnt.

(©) Which other substancees, as well as caletum sulphate, will be formed by the
limestone acting on the flue gases?

(N Suggest two possible disadvantag:s of the use of an FGE plant.
Read the passage below and answer the questions that follow,
There has been considerable debate about the definition of acid rain.  Until quite

recently, any rain with a pll leveél of less than 5.6 was assumed to he smnatwally acid,
whereas 1eseatch now shows that pIT can be as low as LS due to natural factors.,

Ome of the most contentious issues in the aid rain debate has centred on the natuse of

the relationship between the amount of sulphur dioxide in the atmosphere and the pH
of rain. Early tesearchers tended to assunic that this relationship was lincar. - This
view fell from favour in the early 1980s when evidence began to mnel-ge which
suggested that the amoust of sulphnric acid produced in the atmosphere depended
ultimately on the supply of photociiemical oxidants vather than 50, levels: once the
oxidants had been exhausted, any excess of sulpbur dioxide would remain in the
atmosphere unchanged. A logical development of this could be that decreasing
emissions of the precursors of oxidants. i.e. nittogen oxides and hydrocatbons, might
be more effective in decrcasing acid precipitation than cutting down SO, emissions.

Outline, using appropriate equations, why rainwater with a pll of 5.6 can be
considered ‘naturally acidic’.

Suggest a further natural (i.e. not man-made) occurrence which might cause rainwater

to have a pl] as low as 4.5.

xplain, using appropriate cquations, how nittogen oxides arc involved in the
formation of sulphuric acid in the atmosphete.

Iixplain what is meant by the cxpression photochenical oxidants.

Briefly explain whether you think that, without oxidation processes, an cxcess
of sulphur dioxide in the atmosphere would represent less of an environmental

hazard
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The strength of the C-F bond is 467 kJ- mul Free clilorine atoms, initially. [cwned mq\«‘,'.
the upper atmosphere by the action of ultraviolet light on Llﬂnmﬂuorocarbons, CFC‘;,_

are believed to be respon=ihle for the destruction of the ozone layer, e
o
)

By aeference o the Data booklet suggest why CFCs0 such oas CF,CLL are being
replaved by luorohydrocarbons such as C1)F,. '

0. (a) What are the chief gases in the exhaust fumes of a motor car?

W1 h
(h) -  What are the advmtage*; of filting a catalytic converter into the exhaust system

of a car?

(c) \What is meant by lean hurn?

£

T

i R

50 Eomiao

SRS ey




2 PROCESSES INVOLVING SOILS AND WATER

(2) The components of soil and their formation

The complex chemical mixtwe called soil is an obvieusly important part of the environment
and, although its compounds differ from place to place, there are common feates which
make it possible to describe in peneral terms.

Originally, the Earth’s crust was formed by precipitation from a liguid mass called magma.
As the molten magma cooled, different components crvstallised and the Jdiversity of materials
on the Earth’s surfdce represenis the charging circvnstances at the tcmpcmtu:;: of the meltL.
Nost of these solids, although stable at the different temperatires of their formation, are
thermodynamically unstable at present day temperatures.: The proeess of weathering is the
Linctic movement towards greater stability,  Substances cuch as rocks and the soil formed
from them have giant molecular and ionic structures so that the processes leading to their
breakdown are very slow. It may be cenfuries before a change becomes apparent but
nonetheless it is important to realise that it is an active process over which human beings
cxert considerable influence.

The study of the chemical constituents of soil does not concern itsell particularly with the
identification of simple compounds with fixed compositions (except maybe a few oxides,
carbonates and sulphides) but attempts to identify structural patterns and similarities within
the components. _Soil is, in fact, a mixture of decomposing organic matter and inorganic
compounds dominated by anions created fiom a relatively small number of elements such as»

_silicon, aluminium, oxygen and sulphur which are counterbalanced by commeon cations such

as the Group I and 11 elements or iron. 1o gain an appreciation of the features of these
complex anions and their important chemical properties, it is necessary to understand the
structure of the simple silicate anion and its role in generating compounds of greater
complexity. :

(b) Other components of soil

Although silicates can be.amongst the more valuable ¢ rents_of soil, there are clearly
many other important materials present. Not surprisingly, their actual nature varies

enormously depending not only on the nature of the original rock but also on the extent and
type of weathering that has taken place. The chemical processes involved in weathering are
complex but always directed towards the generation of mae stable materials.  Although it
should not be viewed as a simple sequence of events, the following stages in the breakdown
ol rocks can be recognised in broad terms.

l. Release of soluble components such as Group I Zompounds.

2. Precipitation of insoluble carbonates as a result of the action of rain containing

dissolved carbon dioxide - mostly Group I carbonates

—
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Aqueous solutions of carbon dioxide react with carbonate rocks, e.g. lmi

according to the following equation .
CaC"O4(s) + COaq) 1 T1O(1) - Ca?'(aq) + 211CO, (aq)
However. the hydrogencatbonate ion can also provide carbonate ions
HCO; (ag) + 11,0(1) - H;0*(ag) + CO? (aq)
and this can cause the re-precipitation of Group II carbonates in soils and water.

3. The slow breakdown of silicate materials.

4. The ultimate formation of highly weathered residues - mostly very insoluble oxides
such as aluminium oxide, silicon(I1V).oxide (sand) or iron(Tll) exide.

 Throughout weathering, there is a steadily increasing presence of organic material which adds
.da further complexitly. Organic matter decomposes over a period of time and the mix of
compounds is called humus. Humus, quite apart from improving the physical structure of the

soil, can store cations which are absorbed on o the many carboxylate (RCO,7) groups

present. This adsorption is notably pH dependent since hydrogen ious can take the place of -

the cations to form RCO,H units.

Overall, soil can be regarded as a mixture of steadily dec.mposing organic_and inoiganic
N St T R e T . . : S
raterial - rich in silicates, oxides and carbonates - containing compounds with the important
“ability to hold and exchange cations for use in plant growth. Soils with a high sand content
drain frecly and retain nutrients poorly; on the other hand, too much clay can lead o
waterlogging and anaerobic conditions. A 'good’ soil falls somewhere between these

extremes.

(c) Silicate structures , - :

Hvdrolysis (or hydration as it is sometimes conlusingly, and mistakenly, called) i
’pmuculmlv important in the weathering of rocks such as gianite and basalt which contam
silicate minerals. The structural units in these minerals are tetiahedra consisting of silicon”

bonded to 4 oxygen atoms, Si0,*. See Fig 10.
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the basic SiO,* unit with Si at ' simplified representation
the centre of a telrahedron with of the unit (viewed from
an oxygen at each veriex above)

Fig 10 - diagram of simple silicate tetraledron

These tetrahedia can share oxygen atoms at their vertices (o generate a large vatiety of l\.]
structures. An example is the mineral, mica, shown belew in Fig 11,

|':2“_‘:-:vx-'.;-1'
BT

Fig 11 - diagram of mica.



s 3 . . g ) 5 dipr il
sufficient number to balance their nepative charges. The range of possible composi ImlS'f; '
chormaous since. as long as overall clectrical nentrality is maintained, substitution of one’

cation by another readily occurs. Similarly, the substitwtion of anions is possible. If, for
I . . - .n . - .
example, Mg?" replaces Fe!", oxide (0O27) niight be replaced by hydroxide (O or fluoride

(F7) to balance the lower positive charge.

Clay Minerals

The chemistry of the weatlhering of silizate minerals is complex but important, since clays are

among the products and these have an essential rele in soil fommation.

The formation ol a sheet structure involving silicate units has alieady hc!‘n illustiated in the

diagram of mica above. It is also possible for aluminium and oxygen to generate a sheel

structure although, in this case. the structural unit consists of an octahedion of six ozide or
. hydioxide ions with an aluminium ion at the centre of cach unit. Sec Fig 12

v
OH
HO fresmssia O
//’ \ ///
,// N e
4’, \ ///
T ,—oﬁ
O
|
¥ . . : ! - ;
4 Fig 12 - diagram of single ‘AlO;' unit

An important, and perhaps rather surprising, feature of sheets of silicon/oxygen tetrahedra and
aluminivm/oxygen octahedra is their ability to link together by sharing loxygen atoms. It is
therefore possible to build up layer structures consisting of combinatior

sheet, and these are often referred toas silicate clays.

1% of the two types of
1

Whilst it is not important to be able to recall the geometry of the way in which the sheets arc
linked, the gencral [eatures of the following two types of silicate clay should be understood. :

T T oy e 4 %
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1:1 Layer Silicates

In this type of layer silicate, the ‘SO, unit and the *AlO_* unit share two oxygen atons to

cieate a structural unit in which fonr oxygen ions have been replaced by hydroxide ions.

These individnal units are linled throngh Si-O bridges and it is possible 1o e tend this so that
sheets based on ‘SiO,* units may be joined to those derived from “Al0O,* units. The combined

sheets are uselully referred to as lamellac.

Lamellaec may now themsclves be joined together by hydrogen bonds to create a giant
structure, illustrated below. The silicon and aluminium are effectively buried within layers of
oxide or hydroxide pnd the structure has consideravle strength because of the presence of so
many hydrogen bohds. The presence of these hydrogen bonds also eflectively excludes

Y,
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CER TP gibbsite 2
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= ORXIDE | HYDROXIDEE=—oo1— J lamella i
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cations from the spaces between the layers. See Fig 13. ;
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7 Layer Silicates ' - - : e w% Y
' ' : i

7 An alternalive arrangement involves the sharing of 4 oxygens helween UneJAIOG At
two 'SiO," units.  Such a structure is wenker than a I:1 layer silicate hecause thé'"lac,l{ K
hydroxide ivns on the outer surfaces of the lamellae meavs that no hydrogen hotiding is
possible.  FHowever, water can easily enter the spaces belween the lamellae and hydrogen
bonding then occurs between the water molecules and the lamellae, thus {mulmg the structure

together. See Fig 14.
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gan where ions and molecules can
=——= be lrapped and expansion and
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.

water molecules, when present,
pull lameliae together
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Fig 14 - sheet structure of montmorillonite - a typical 2: IIIc:lay




'
An important consequence of the lack of stons hydrogen bonds hetween lamellae in 2
structures is that they are able to expand and contract more readily. The well known cracking

that appears when a wet soil dries out occms because the removal of water causes the

lamellae to fall apart. The subsidence of houses after prolonged dry spells of weather is one

~unfortunate way in which this effect can be observed.

(d) Cation substitution

The above layer structures arc ‘ideal’ and do not cxist in soil clays beecause of cation
substitution which takes place at the time of formation of the mineral. 1his vcenrs when a
‘foreign’ cation beconies incorporated into the structure in the place of cither a silicon or

“_w . - ]l . vy " . .
“aluminium ion . For example, Al” can be found in place of ‘Si™ within the Si/O layers or
Esaemepepess S Sams

21 . " * . - . v .
Mg" instead of AI’* within the Al/O/OH lavers. Such substitutions typically occur randomly

within a structure. Iowever, the conunonly found mincrals called feldspars. have a regular

substitution where one or two in every four tettahedra have AP in place of T

It may be noted that each substitution that occurs results in the loss of one positive charg» -

3 ceid FPSIs [ Py o
AP for *Si'" or Mg?! for AI''. This loss of positive charge must be accounted for to allow

“the overall structure to be electrically nentral. This is achicved by the adsorpuon of other

positive ions on_the suiface of the clay. These ions can be either a specific or vatied

“collection and, importantly, they can be substituted by ‘otlier cations which may be present in

soil water. Most minerals, patticulatly clays, have an ability (o retain and exchange cations at
their surface - a ‘cation exchange capacity’ which is aj)ermancn! and measwable feature ol a

"»'l|l§g!§ ay.

Even if an individual clay structure has little ion substitution, the oxide ions at the surface of
the clay do not have their charges neutralised as cffectively as the oxide ions in the bulk of the
clay. The surface of the clay thus has an additional capacity for cation exchange which can be
quite significant. Tliis capacity to adsorh cationis at the surface depends on the soil pll since
hydrogen ions may preferentially adliere to the okide surface in place of other cations in

acidic conditions.

The ability of clays to adsorb cations is a vital pait of their capacily to act as an clfective
means of ion supply for plant growth. For example, soil treated with gither potassium ions or

‘ammonium ions has the ability to retain these ions at the clay surface by displacing the ious

already present. The ions therefore remain available rather than being washed away when
rain falls. This behaviour is vital in maintaining growth over an extended period of time and
the cation exchange capacily effet,lwely controls the extent to which a sml may be described

as ‘good’ with regard to its potential agricultural use. |
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n general, plants use ions for gruw{h in an oxidised form aml this is achieifed by adequafes ‘:
oxvgen availability in the soil. The following process has a standard redox potential of:1.23 V' i
and is tharel : ‘
and is € ore quite strongly oxidising, i i
,%\ Oy(g) + 411" (aq) + 4e” = 211,0(1) 2

Although conditions within soils areyfar from standard - the acidity is considerably less and i
oxygen concentritions are much lower - this reaction is nonetheless responsible for i
maintaining oxidising conditions. The redox potential, which is around 0.8 V in a well- F
aeraled soil. is sulficient to ensure that most ions in soil exist in their oxidised forms (e.g. iron I
~ 3+ 4 & i & . A‘

as I'e”", nitrogen as NO;™ and sulphur as 5()41 ) and to allow organic catbon to be lost as '
i

carbon dioxide. The oxygen may diffuse into the soil as a gas or be carried downwards in g
i i

solution.

When oxygen circulation is inadequate, e.g. when a soil is waterlogged, the redox potential of
. the above reaction decreases and it may be impossible to_maintain_all_the ions in their

' oxidised state. In these anaerobic conditions, other conversions may be favoured which are
disadvantageous to plant growth. For example. the following teductions may occur.

J——
e T el v Rl

T

R NP 4 G g

. iron(11) to iron(Il):

T

(jg Fe]'(aq) e i’ez'(m])

TR TR e T

The presence of iron(Il) and sulphide ions together resulls in the loss of gvailable iron in

solution due to formation of the very inseluble iren(11) sulphide.

# F62+(ﬂt}) -+ Sz'{'nq) - FeS(xs)

. nitrates to nitrites, NO,", or finally to ammonium ions, NI l,,.*':

——

TP TR ST T

NO,(aq) + 101 *(aq) + 8™ -+ NI M (ag) + 3TL,0O(D)

A
Nitrite ions are toxic to plants and mmmoniinm ions may be ahsorbed less efficiently.
. sulphates 1o sulphide ions: :
* | ; il_ . ) + ) i 1
i - 'S0,%(aq) + BH(aq) + 8e_-+.82‘(aq) #411L,0(), . ,3 ; y [
! . o Ty . ' ~
- - C 3 1 4

- -
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Under sufticiently acidic conditions, $’ can oceur in the soil a5 hydrogen sulphide - a toxid
and foul-smelling gr=. Note, al:, that these reactions also tcmove hydrogen ions fiom
solution and lience increase the pl of the soil. This increase in pIT can result in the
precipitation of metals such as iton and alumininm as their hvdroxides. An increase in pll

also forces the following reaction to the right.

HCO  (aq) === (.(,’J‘?'(aq) VI )

A

This decrcases he availability o' mctals such as calcium and nmgnesmm which h’uc

insoluble carbonates.

Severely anaerobic conditions can lead to the conversion of carbon dioxide to methane, which
deprives the soil of the buffcring action of the carbon dioxide/hydrogencarbonate/carbonate

system.
(f) Pollution by organometallic compounds
The use of tetraethyl-lead as a fuel additive has previously been mentioned. It is an example k I
of the unnecessary introduction of an organometallic compound into the environment. There
are equal concerns about the formation of other organometallic compounds which may be ,
well illustrated by the formation of dimethyl mercury. ' l
In the anaerobic conditions that are likely to occur in the muddy sediments of rivers, )

. . - i
mercury(ll) ions, Hg“, can be converted into gaseous dimethyl mercury, I1g(CH;), by the E-J
action of bacteria which utilise unoxidised hydrocarbons, such as methane. The dimethyl
mercury diffuses through the water and during this process may be absorbed by fish. i
Although the concentrations are initially very low, the dimethyl mercury steadily accumulates b
in the body of the fish until it has a significant presence. If these fish are then consumed, the
mercury enters the food chain and may cause significant health problems. r !
A well-publicised example of mercury |)Ulsumng, occurred at the fishing village of Minamata |
in Japan where.a chemical plant, using Hg as a catalyst in a process leading to the q

| i

manufacture of poly(chloroethene), discharged residues containing mercury into Minamata Ca
Bay. Fish absorfed the mercury as the dimethyl compound and sul: qequcnl!y niany hundreds

of people died asja result of eating the contaminated fish. i
i
i
. vy I
()  Soil acidity |
For most agriciltutal purposes, the pH of soil should be in the region of 6: values bwer than
this have noticeable effects on the natuic and efficiency. of the <oil as a growth medium. In £
addition, since most of the water in lakes and rivers has percolated through the surounding '
soil, a change in soﬂ properties may have mgmﬁmnt elfects on the local ecology. It is =lear
that in many areas 501] acidity has been i mcreasmg in reccnt years and a poqsnblc reason is the I J
N

such as sulphur dioxide, carbon dl()\ld(‘ andjle oxides of nitrogen.  Acid rain certainly

contributes to increasing soil acidity but it is difficult to qmn[lfy its impact because there are

" several other processes which may also he inw ot 1
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Factors cansing increased soil acidity. - o] & :

Respiration is perhaps the most lmpml.ml natural soil acidification process.:  Soil nfganiﬁiiiﬁ
can degrade oreanic materials to carhon dioxide and water and the subsequent formation of

HCO; and HY ions increases the acidity.  Decompositg organic material (humus) is also
acidic in its own right since it contains a high proportion of -CO,I groups, though these are
of greatest importance in the control (buffering) of soil pH. Growing material also enhances
acidity by extracting ions that are required (rom the exchange sites which may then become
occupied by hydrogen ions. Although-these ions might be replaced when the plant eventually
dies, this will not be the case if the plant is used for food or if, as is the case wilh forests, the
A well-aerated soil may generate hydiogen ions as a

growth is sustained for many years.
result of the oxidation of the ammonimm ions to nitrate ions.

311,0(1) + Ny aq) - NOy (aq) -+ 101 (ag) 4 8¢’
A less obvious cause of acidity is the presence of aluminium ions. These ions may be present

as free ions within soil naturally but they are mostly generated by the weathiering of rock
Such weathering is, in facl, enhanced as the pll is loweied by decomposition of

materials.
silicate clays such as the mineral kaolinite.

However, instead of alleviating some of the effects ol acidity, the highly polarising Al" ion
complexes with water molecules and then regenerates hydrogen ions as follows.

45 [Al(H,0)6]"' (aq) » [AIOI)(H20)5)"(aq) + H'(aq) - [ANO! Uz(nztmﬂ(am 4 zr.l,"(aq) -
These hydrated aluminium i ions, [AI(I!20 ] *(aq) may occupy the exchange sites (fo whicl
they adhere strongly because of their high charge) and maintain the local acidity.

————
i

Factors causing decreased soil acidity

The most important counter to increasing soil acidity is the weathering of the undc:fly‘ing rock
material. Catbonate-based rocks, e.g. limestone, have a directly nentialising effect but other
materials may also consume hydrogen ions as weathering proceeds. F or example, pnlasqlum
lcldqpnr takes up hydrogen ions when it is converted into mica.

Unfortunately. dhlmul.,h the potential for such neutralisation is very great éqmce a small mass
of rock could adsorb a considerable number of hydrogen ions), weathering processes of this
type are extremely slow and cannot compete with the more rapid production of acidity. Manv
reduction reactions also involve the use of hydrogen ions. The formation of ammmhum 1ons
[rom nitrate as a reverse of the reaction mentioned previously is a case in pom( the le'u,hon

of sulphate ions is another example.

8c + 1011'(aq) + S04 " (ag) - [1;S(g) +411,0(1)

H
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Sulphate ions together with hydrogen ions may also be adsorbed on to aluminium oxide or
iron(IlT) oxide surfaces in deeper soil and, in some ateas, this is believed to contribute
significantly to the control of acidity.

Some Effects of Increasing Soil Acidit v

Some of the undesirable ellects of increasing acidity have alicady been impiicd. 1t is clear
that a soil dominated at its cation exchange sites by hydrogen ions is not able to supply plants
with the necessary nutrients for effective growth. In addition, an acid soil mediuin
encourages the reduction of oxo-anions and may thereby render them unavailable to the roots
2f plants which dre usually adapted to accept ions only in a particular, mostly oxidised, form.
Acidity also encourages many meltal ions to dissolve more readily in the soil solution and,
although this may be unimportant for some ions, it is of considerable concern if the clement is
one of the tnxic’Kcavy mectals such as mereury, cadminm or lead or indeed if it is alumipiun
These toxic ions may selectively accumulate in plants, or other ougani;;;;nnd thereby euter
the food chain. ‘

Lead, for example, is usually immobilised in the environment as insoluble compounds such as
its sulphide or carbonate. Lead ions may also I'e held on the surface of silicate clays. In
acidic conditions, these compounds become appreciably more soluble and hydrogen ions may
displace lead ions at the cation exchange sites ol clays. In both cases, the concentration of
lead ions will increase in the surrounding water.

Aluminium is also of particular note since, as already explained, it is piesent in potentially
very large amounts within soil structures. Its generation as a free hydiated ion and its passage
through the soil are both enhanced as the pll value decreases and it also tends to dominate
cation exchange sites. Its adverse effects are not [ully established but there is little doubt that
its presence is undesirable. For example, i is certain that the concentration of uncomplexed
aluminiuni jons in lakes is responsible for the los: of fish.

The Control of Soil and Water Acidity

The ability of clay minerals to adsorb cations, including hydrogen ions, has been mentioned
carlier. Although important in controlling soil pll, clays ate not considered a buffer in the
chemical sense. Similarly, liming simply peutialises the acid present but exerts no buffering
action. Buflfers involve aqucous equilibria between a weak acid and its conjugate base in
aqueous solution. Soils contain natural bulfers. A buffer is a system which changes its pil
only to a small extent when moderate amounts of acid or alkali are added. Soil is a complex
mixture of i_nmﬁanic and organic constituents and the bufféring mechanisim ol greatest
importance in a'given soil depends on several factors, most importantly on the nature of the
bedrock from which the soil was formed and the proportion-of organic matter which it

conlains.

The princinal aqueous buffering mechanisms in soil are as follows.

o The carbon dioxide - hydrogencarbonate system

1




hen carbon dioxide dissolves in water, the following equilibria are established: "

COy(g) + Irlz()_(l) e }']2(“()1 (aq) === 1O (aq) + 1[*‘(3(;)' .

As the pll falls, the carbonic acid becomes leos dissocinfed until at pll < 4.5 the extent of
ionisation is almost negligible and so the concentration of hydrogencarbonate ions becomes
too low for this buffering system to remain cffective. J

e [Tumic acids

Plants, particularly their woody parts, are ialgel) composed of polymers such as cellulose (Cd
60%) and lignin (ca. 30%). These substances are hydrolysed in acidic conditions to smaller
molecules, the most important of which in the context of the maintenance of soil pli ale the
humic acids. Lignin contains benzene rings and thesg, being, p'utzculazly stabie surnve m the

humig acids, spme examples are given i Fig 15. ‘ 7 s -
v
OH OH OH OH. 2
l OCH, [\ _OCH;  CHy,e \(k _oCt
CO,H ﬁn COH
CH R
GO, |
4-hydroxybenzoic vanillic ferulic E syringic
acid . acid acid acld
Fig 15

T

These acids are weak and, with their mrreapumhnp conjngate hases (their acid anions), they
can act as bullers. An excess ol hydrogen ions converts the ungugnlc baqcl 0 ils p.lrt'lll acid,

while deucasmg 1c1d|ty duprotonates thie acid. | ; :

RCO; (aq) + H+(aq)..-=_- RCO,H(aq) | -ar

RCOyH(ag) + OH ('lq) ------ = RO, (ag) + HyO(1)

o
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Liming

There aic some circumstances where soils or water may hecome too acidic and the natural

means of control mentioned above are cither insuflicient or too slow to be effective. In these
cases, some increase in the pIHl may be achieved by liming. Thic. as its name implies, is the
addition of either calcium oxide or limestone, to the area concerned. Heavily larmed land
tends to become acidic and farmers may routinely apply lime in order to adjust the pH to a
value suitable for the crop they wish to grow. In some countries, such as Swaden, which are
alfected by aclhl rain, lime has been applied o lakes to try andi restore the conditions
necessary to preserve aquatic life. While this has met with some success, it is not always easy
to gauge the quantity of lime requited. For example, during Winter periods, the snow
surrounding lakes in Scandinavia can accumulate considerable acidity and this creates a
problem when the snow melts in the Spring. Such surges of acidity may be beyond the
capacity of the lime to neutralise. Soils which have accumulated hydrogen ions or aluminium
ions at their cation exchange sites may also be difficult to control since, although immediate
neutralisation can be acc umpimhc d, the ||H soon deereases as these ions are released from the

soil surface.
(h) Nitrogen and phosphate fertilisers
1

A fertile soil is one that can consistently produce a desired crop and, while fertility is not
solely related to nutrient supply, a soil that i= deficient in cither nittegen or phesphonus is
incapable of maintaining adequate plant growth.

The problem for nitrogen control is the maintenance of an adequate nitrogen supply in the soil
to meet the demands made by the crop for the nutrient while, at the same time, keeping to a
min‘mum the extent to which unused nitrogenous fertiliser is leached from soil into

waterways.

Problems associated with phosphates are different from those with nitrogen. primarily
because insoluble phosphates of aluminium. irong 1) and calcium e readily formed, making
much of the applied phosphate unavailable to plants. The crops aie, in fact, only able to take
up about 15% ol the applied phosphate during the year of application.

td

Senrces of Nitrogen in Soils

A minority of plants can use micro-oiganisms contained in 100t nodules o convert
atmospheric nitrogen into water-soluble forms which can then be taken up by plant roots:
leguminous plants, such as peas, beans and clover have long been grown on fatlow land and

then pidughed in to enrich the soil.

Ramfall is a useful supply of nitrates as a result of direct combination of atmospherie mlmg,cn
and oxygen in lightning discharges, followed by subsequent oxidation and solution.
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mean that the bulk ofmlmgen is returned to the soil. Ilowevcr agncullure produce
that is removed from the soil and a nitrogen deficiency results. Other major mlrngen;;lo
include the following. Nitrate ions and ammonium ions are leached {rom the soil by watert
may pass either directly into stcams and ponds or continue in peércolating water
bands ol high nitrate concentration which can he
The jous move
An excess of

and they
down the water table. It is possible to locate
related to the vears when large amounts of nitrates were applicd to the fields.

steadily down to the water table at a rate of between | and 2 metres per year.
nitrate spread on the fields today could still present a problem for the next {ifty years.

Animal manure is a good source of nutrients but can lose a high proportion of the available

nitrogen due to the formation of volatile compounds. Urea is hydrolysed to ammonium

arbonate which. in turn, decomposes into ammonia and carbon dioxide.
(NH;),COfaq) + 211,01 - (N114);CO1(aq)
e
(NII4);( '03(aq) - "F‘I[:(L) 4 C (Jz(g) 1 Tt

Denitrification is the term used for the 1eduction of the nitrate ion into gaseous compounds
and this is brought about by micro-organisms. In the absence of oxygen, the organisms have
the ability o remove the oxygen from nitrates and its reduced products.

NO;(aq) + 211" (aq) + 2¢” > NOy (aq) + 1,0(1)
NO; (aq) l-_2ll’(m|) e —= NO(g) j':ll;_()(l)
INO(ag) + 211 (aq) # 2¢” - N;0(g) + 1,0()
N2 C(aq) 4 z_fr‘(m,; k2€” - Ny(g) + 1,0(1)

Lach step in the reduction process is cataly sed by a specific enzyme and the teaction scheme
can stop at any stage as the gascous products are released into the atmosphere.

[

In farming. the overall deficit Tor nittopen is made up by the addition of nitrogenous

fertilisers,
Eutrophication

All fertilisers have to be soluble in water because they are necessarily applied to the soil
surface zid then have to be carried to the roots by rainwater percolating through the soil. All
nitrates are sufliciently soluble to be carried rapidly downwards and are soon beyond the
reach of plant roots. More fertiliser then hias to be applied and the processes of rapid leachmg
and continued application soor lead to the accumulation of high concentrations ol'mtrales in

walerwavs.
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Eutrophication literally means 'well fed' and the high levels of nitrate in waterways ensure {
rapid growth of plants, initially microscopic algae.” These soon blanket the water surface

significantly diminish the amount of light able to reach water weeds growing on the bottom,

leading to decreased pho'osynthesis and a lowering of the concentiation of dissolved oxygen.
The algae die and, when they decompose,-cause a further decrease in the concentiation and
availability of di‘s'solved oxygen. Rapid weed growth also has the effect of reducing the rate
of flow, which rﬁduces the efficiency of oxygen exchange at the surface. Al this stage, simall
animals die, decpmpose and decrense the concentration of dissolved oxygen stil] further. The
end result of this cycle can be the death of all animals, except those such as anielid; wotms
and leechcs, whic]h can tolerate very low concentrations of dissolved oxygen.

The Use of Phosphates in Detergents

Eutrophication is largely controlled by the presence of excessive congentrations of nitrate ions
but additional phosphate ions would also encourage further unwanted growth in lakes. This
is, of cowrse, particularly so if the water already has a substantial supply of nitrate ion. A
potential source of phosphate can come fiom the use of detergents containing pyrophosphates.

The pyrophosphates (the ion being I'30477) are added in order to improve the cleaning power

of the detergent. They act as a water softener by complexing with the cations I\‘Ig'”(aq) and
N, 24 s
Ca? (aq).

Cay‘(aq) + P]Omﬁ_(ﬂq) - CEIIJJU;nL(Ell])

. T ' . & 3 2 o
The ability of pyrophosphate ions to form a soluble complex with Ca®" ions means that the
formation of an insoluble scum is prevented.

Example questions

7 Blueberry plants only thrive on soils that are very acidic. Soils rich in organic
material and fertilisers such as ammonium sulphate provide appropriate conditions.

(a) ),J?,xplain the use of (i) organic material, (i) amnioniuin sulphate, in creating and
maintaining soil acidity. !
i

D] The addition of lime (o a soil temporarily raised its pll from 4.5 0 7.5.

EX})]ail‘l why (i) more lime is needed than the acidity of the water present in the
soil might suggest, (ii) the increase in pll is ouly temporary.

I
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(a) Write a hal[-equation lu illustrate the 1ole nfrw‘.gen in nmmtmmug inorgasic’
ions in their oxidised forms within soils.

o

o T
1 T sy

ot

(b)  Typically, the redox potential of this reaction is about +0.8 V within soils.
Explain why this value is subslantml!y less than the standard potential quoted

in the Data Booklet. . .

e T

(c) If this potential decreases, some ions within soils may exist predominantly in a 5
reduced form. Give an example nfciruunf:mn( es whete this might occur and, {
using the standard :ednx potential of Ic ‘/Fe’’, explain its effect .on the 3
oxidation state of iron. -
9. (a) Explain the role of oxygen in maintaining soil in a suitable condition for plant :'&
growth. Hlustrate vour answer by reference to jons cnummmg (i) nitrogen, (u)
iton. Include appropriate equations. ‘ i
(1) Methane and dinitrogen oxide, N,O, both eause atmospheric pollution and can i
he released from soils under certain conditions. Explain the citcustances that ' a
may cause these compounds to be formed. ' ' {
b
10. Nitrate, phosphate and lead jons are among the ionic pollutants that may e fonnd in f
small quantities in river water. Nitiate ions may be Jeached from agricultural lands if
and phosphate ions may result from the use of detergents. Lead ions can come from i“‘
the surrounding land although it is amongst the least mobile of heavy metal ions. 4
(a) Give two reasons why nitrate, rather than ; ammomum ions are likely to be {
leached [rom soils. ' Ei
(h) Explain the function of phosplhate ions as an additive to detergents. f‘*
: : ¥
(¢) What problem may-occur in still water contaminated by both nitrate and f}g
' ' phosphate ions? 4
() (i) Give two reasons why lead ions tend to be immobile within soil. T{
(i) Explain the conditions under which lead ions may become more E
mobile. ' 4
(e) State the long-term concern associated with the ingestion of lead by humans.

i
1
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11.

12,

3.

Many soils rich in silicate clays show signs of cracks in their structure during
weather.  These cracks aie the result of the separation of the lamellae within
structure.

(a) Identify the type of clay that is lable 1o develop such cracks and diaw a simple
dingram of its structnre.
(h) - ﬁuggest how these cracks develop as wet soil dries out.
. A5 ' | P
Oxygen circulation within soils is essential if many of the ions present are to be
maintained in a form suitable for plant uptake.

(a) (1) Use the Data Booklet to write the hall-equation for the reaction
responsible for maintaining oxidation and quule its electrode potential
under standard conditions.

(i1) In practice, the redox potential within soil= is considerably less than the
standard value. With reference (o the hall-equation you have quoted in
(a)(i), give two reasons whv this is so.

(h) Waterlogging is a major reason why oxygen circulation may bhe inefficient
within soils. Such anaerobic conditions result in changes to the oxidation

states of a number of ions,

() State the sulphur-containing ion utilised by plants in fully oxidised soil
and an ion formed from it under very reducing conditions.  Write a
balanced half-cquation for the reduction.

(ii)  State two further reductions of other jons that can take place under
extreme reducing conditions.

Read the following passage and ansuwyer the questions that follow.

In addf}ion to exposure to high levels for short periods, .\\lruhc: in wel forms, dry

“forms” Or in mists, trees expetience the gradual, incremental effects of acid rain

pollution mainly through soil changes.

Cations such as magnesium and calcium are gradually leached out by acid inputs, such
as by sulphur deposited in wet or diy form. It has been calculated that the buffering
capacity of Scandmawan soils is exceeded at deposition Icvels of sulphuric acid of

about 5 kg ha yr "and of Canadian soils al Ie\elc ol 20 kg ha ¥y 1 Biitish levels ate

estimated to be in the range of 8-15 kg ha' yr'

I'he Forestry Commission has suggested that this is not a problem in Britain, although
in Wales, at least, there is growing concern at acidification of pasture. In large arcas,

it is thought that hydiogencarlonate buffering is exhansted and aluminium buffers are

in operation.
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(a)

(h)

(<)
(D

(c)

Prof 3 Ulrich of Goltingen University in Germany origiated, the, hypulllé is lhgi
forest decline was linked to aluminium toxicity caused by soil acidi 1catmn’.

(aluminium being much more soluble at pIt below 6). AR
; !
(ha = anarea of 1 liectaie) T _ . .4
© CHRIS ROSE & MARK NEVILLE, Tree Dichack Sutvey, reproduced by permission of Friends of the Earth. 3
Explain briefly how magnesium or caleiam is leaciied out by acid inputs. Al
i
_ Y
Humus may also act as a soil buffecing agent.  Outline how humus can act in this £

wav. H
' K

B

Suggest what imits the solubility of aluminium at pll values higher than 6. i
&

: . . A . . i

Fxplain the prevalence of aluminium ions in'soil solutions with pIT values less than 6. i
By considering the nature of the hyvdiated alnminium ion, explain how it might act as a +h
Buller in soils which have become acidilied. :-._‘!
A

&
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~ partly decomposed: organic matter and is often vich in a range of metal jons, some of which

~of control.

3. WASTE MANAGEMENT

() Land-filling and incineration

A large quantity of domestic waste is disposed of by tipping the rubbish into old quarrics,
coastal marshlands or other suitable sites within cconomical handling distance. These landfill
sites, when well-run, compact the rubbish into fayers about 2 meties thick before covering the '
surface with snlil or ashes to prevent habitation by c:nall maminals and insects.

il
There arc two polential proL!cms with this method of disposal.

(1) Leachate
This is a black liquid that oozes from refuse tips when water pereolates through. It contains
are hazaidous.

(1) Lendfill Ciay

The anacrobic conditions of compeessed waste can canse the fotmation of hydrogen sulphide
and methane (as explained previously on pages 44 and 0 respectively). lie latter gas is both
potentially explosive and is a grcenhonse gas.

Incineration of domestic waste is an apparently attractive alternative to landfill but carefil H
temiperature control is necessary if the formation of toxic products is to be avoided. A group !
of chemicals of particular concern are the dioxins which are regarded as a significant health
hazard. Dioxins are a group of 210 closely related compounds. An example is 2,3,7,8 -

TCDD shown in FFig 16.

Fig 16 - diugram of the dioxin 2,3,7,8-TCID

The prescnce of waste organic material which contains chlorine, e.g. pve, has the potential to | E:l
enhance the formation of the very toxic dioxin showi. :

T

ope 2 ~ i g :
I'hese compounds form at temperatures around 500 °C but above 850 "C and in the presence
of sufficient oxveen they are dastroyed. Modern incinerators can provide the necessary level

i
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material and facces) and inorganic matter (nitrates, phosphates, clay, sand and a vahety of
metal ions) but over 99% is likely to be water. Untreated sewage is sometimes drqchamcd
into the sea but this method causes unaceeptable pollution if applied to inland water courqes
Quite apart from aesthetic {actors, discharge of sewage would place an intolerable demand on

the dissolved oxvgen as bacleria use up the available supply. i

i

Sewage is normally treated as follows.

Suspended malu.r is allowed o settle (sedimentation) and the qludge oblamcd is then aerated
in the pres sence of a suspension of micro-organisms. This results in the dccomposnhon of
organic matler. Specific components may then be removed - e.g. phosphales can be
precipitated using calcium ions or lime can aid the removal of ammonium ions as ammonia
gas. Ahqmpunn ofanv rennmmg nrg’tmc m’aterml is then eﬂe(,led using beds ofclmrt:Oal -,_,'

At this stage, the lre'\ted sm\'\ge “can be discharged pm\ideq that it has a qmshq {o;y
biological oxygen demand (BOD). The BOD measures the amount of uwgeu (in parLs per,
million) taken up by a sample over a five-day peuod It is thus a measure of the level of

organic matter present, The table below gives an indication of the interpretation given to

measurements of BOD.

BOD/ppm . Water Quality _ ’
<2 - unpolluted
2-5 doubtful quality
S-10 poor 1
>10 heavily polluted ‘

Water with a BOD >10 would be unable to support fish life and would be offensive in respect
of both odour and appearance. Some improvement in quality can be imade by mmng polllﬂed
water with many times its own volume of pure water but this should not lw neu":qary if the

1 ki

: i
Marine pollution as a result of oil spills during transportation and exploration is a serious
It is likely to become worse as the size of tankets continues to increase and more

sewage ticatinent is effective.

Oil pollution

problem.
marine oil lields are developed.

The most obvious effects of oil pollution are the deaths of marine creatures as a result of
contact with the oil itself. The walerptoofing secrétions are removed from the feathers of sea
birds and they die either from drowning or exposure. Shellfish are also poisoned hy the oil o=
their respiratory organs clogged by il. These are obvious effects but comparatively little is
I'nown about the long-term effects on animals of oil pollution which resnlts in ahsorption of

hydrocarbons at lower concentrations.

Sewage is a variable and complex mixtme of organic matter (f"lts smp urine, oltl* TOO(L.‘
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A possible effect concerns animals and birds which rely on the distinctive simell of chemicals
called pheromones to altract a partner prior to mating. The adour of the hydrocarbons can
mask that of the pheromones leading to a 1eduction in hyes ding succes:

Several initiatives have beén taken to reduce oil loss from tank ers, principally a bau'l on the
flushing of lanks at sea and the increased use of double-hulled vessels, which may reduce the
probability of a leak following a collision. Once oil has been spilled, the subsequent action
taken to contain or disperse it depends very much on the quantity of vil involved and the site
of the spillage. In coastal ivcations, patticulat]y in estuaries, floating booms may be used (o
contain the oil prior to removal by pumping. Larger spillages at sea are usuvally dealt with by
spraying with detergent. :

fon é.téhcmge ‘ '! ;

Industries that create pollutant waste containing dissolved metal ions (c. g cf-_uw;al,umg‘) can
remove the ions using exchange resins. The method employs the samc principle as is used by
soils to exchange cations at their surface. The resin is an insoluble compound which may be
prepared as a sodium salt, e.g. Resin-OSOyNa.  The waste solution may be discharged
through the resin and cation exchange takes place so that the pollutant ions are now held by
the resin and the relatively less haumful sodium ions pass into solution. The resins eventually
become exhausted but can be restored by washing with sulphuric acid fu!luwecl Dby

regeneration with aqueous sodium hydroxide.

Potable vwater

Few natural waters are immediately suitable for domestic use and the process of purification
to obtain, what is known as, potable water is important.

mmpiy slormg waler is the first step towards purification. Suspended matter tends to sink and
hartnful bacteria begin to die out: organic impwiities are owhscd in the upper layers and

sunlight has a bleaclung effect on the colour.

Spcciﬁ‘c trealment involves several steps.

Screening (filtering) removes larger particles ol insoluble matter.

L
Acration, achieved by cascading or spraving the water, removes volatile substances
such as 1,5 or CIl;. Some metal ions are also oxidised (e.g. Fe®").

. The Larcfl‘uliy controlled addition of Al "(aq) ions produces a precipitate of aluminium
hy(lto‘(ldc‘whluh adsotbs fincly suspende:d matter before qmlvmp and being mnwved

. Chatcoal may be used to iemove traces ofcug'ima substances,

. " Chilorine is used in carefully controlled amounts to destroy bacteria. This is achieved

by providing 6Xidisi1ig conditions through OCl'(aq) ions.

Cly(aq) + H,0(l) —» Cl™(ag) + OCI (aq) + 2H"(aq)
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However. this is a small factor c‘nmpared to the benefits obtained from e deslrné

bacteria.
(h) Reeyeling waste

interest in the recyeling of materials is prumarily dependent upon social and econemic Sﬁ'
conditions.  Shortages’ during World War 1l meant that a high proportion of metals were '
recycled. The fast few years have seen a dromatic change in public attitude and recyeling is

seen, once again, to be for the general good.

Recveling has a nuber of potential advantaes:

. it leads to a reduction in envitonmental damage, ‘
- there is a reduction in the demand for new landfill sites, ‘
. it icduces costs of waste disposal,

there may be substantial savings in energy costs.

Some examples of wasle materials which can be recycled are as follows.
(1) Paper

. clean paper, e.g. offcuts
. old used paper, e.g. newspaper

The potential for the paper industry is up to 80% re-use, the main advantage helng an energy

saving of 50%.

(1) Crlasy

Local collection points for used glass containers. ollen known as ‘bottle banks’, are becoining
muore popular and have provided a significant increase in recycled tonnage in the UK in recent”
-years. The main advantage of bottle banks i« that they cut down the demand for encrgy and
the raw imaferials of sand, limestone and soda ash. The materials are cheap but their
quarrying leads to an environmental impact and every tonne of used glass saves 140 dm of

oil and 1.2 tonnes of raw material.
(i)  Plastics

About 30" ol the plastics used in the VK is for packaging: this is commonly used once and
then discarded. Although plastics are produced fiom oil in an enerpy-intensive and costly
process, the reexvcling of plastic waste from mixed domestic refuse is too expensive. One
solution (that is used in Japan) is to collect plasticias a separate waste item but the varied mix
of domestic plastic means the recycled product has unpredictable properties.
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Pyrolysis is the term used to describe thermal decomposition in the absence of air and, und®
these conditions, the plastics are not burned but converted instead into simple petrochemical

raw malerials.
(iv)  Metals

Tron, steel, ting gepper and aluminium are the most casily recycled metals. Over half of all the
steel produced i the UK comes fiom scrap.

The potential advantages of recycling metals are as follows.

. saving on imported iron ore,

. less demand for energy,

e the scrap is home-produced,

. air pollution is reduced, F

. other resources used in the manufacture, Lg waler, are saved, ]g

The judgement as to whether recycling tepresents a real saving in encrgy is a difficult one to \ !

make. Certainly the burden of bearing the enerpv costs is, in part, shifted fiom the Fa

manufacturer to the consumer, who uses his time and fuel to transport the waste {o the ‘*

recycling point. A precise analysis in energy teums is, pethaps, impossible to make, but.the e

aesthetic euvironmental benefits, such as a reduction in mining and its associated waste and F}

noise and the reduction of unsightly discarded packnging, are welcome. 3
-

Question

Discuss the effect that organisations like Friends of the Earth and Greenpeace lave in
protecting the Earth’s environmeht.
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I5.

16.

()

(b)

g 17.

P14,

ample questions

Much domestic waste is disposed of by landfill methods.  One problem.as
i y i . . 4 5 ; . PR CroL
with this method is the formation of ‘landfill gases’ which are mixtures r:nnrammg

variable quantities of methane and carbon dioxide.  Explain how these gases ate

formed and state one environmental concern to which both these gases may contribute.

[

B
Sewage treatment involves primary, secondary and teitiary stages. The extent of the |
pollution at any stage may be estimated by measuring the biological oxygen demand
(BOD). The BOD may fall to one tenth of its original value as a result of treatment.

Explain what is done at-each of the stages of sewage treatment.

(a)
(b) Explain why treatment of sewage leads to such a significant drop in the BOD

value.

The treatment of water for domestic purposes involves several stages. After filtering,
the water is left to stand before the addition of carefully controlled quantities of
Al (aq). This may be followed by chlwiination in the presence of ammeonia.

.

Explain , ‘
, v

- v
v

(1) the purpose of leaving the watr o stand before further treatment,
(1) the role of the M“(aq).
' '

t '
(1) Give an equation for the reaction of chlorine with water and explain’ the

[unction of the chlorine.

(i) Explain why ammonia may be added during the chlorination process.
g i

(ili)  Explain one possible hazard that may exist as a result of chlorinating water
which still contains small quantities of organic matter.

Discuss the advantages and difficulties of recycling materials.  You should mention
the technical problems of recyeling and limit your discussion to the recycling of paper,

glass, plastics, aluminium and iron.
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' APPEND

Petrol, diesel or neither?

lmprovements in the design of internal combustion engines mean that a modern vehicle
generally causes less pollution than that by the sanie type of vehicle 20 years apo.  Although
the amount of pollution per vehicle may have declined, the number of vehicles present in the

world has risen dramatically over the same period. .

i ' - i ,
Although the use of unleaded petrol has greatly reduced pollution by lead compounds. its
different hydrogarbon composition results in a greater risk to emission of potentially
carcinogenic (cancer fildlrciztg) aromatic hydrocabons. Like so many issues in environmental

chemistry, it is a matter of balance between potential advantages and potential risks.

In terms of fuel economy, it may be preferable to use diesel engines because they generally
enable vehicles to travel further on one litre of fuel. This advantage is partly due to the higher
temperatures present in' a diesel engine so, theoretically, the fuel should burn more
completely. Diesel fuel, compared to petrol (gasoline), contains hydrocarbons with higher
values of M,. A litre of dicsel fuel, therefore, contains more catbon than a litre of petrol. We
would, therefore, expect a diesel powered vehicle to tiavel further on one litre of fuel
compared to an equivalent petrol driven vehicle, However, it is difficult to say whether diesel
or petrol engines, in terms of CO, emissions, are the more environmentally friendly.

Because the hydroca bon molecales in dizsel fuel are Tager than these in petinl, there is a
greater possibility of a series ol molceular reanangeients which resolt in the formation of
polyaromatic hydrocarbons (PAlls), such as compound X below. which is also found in
cigarelte smoke. Such compounds are oflen carcinogenic. It is estimated that car exhausts are
responsible for thousands of tonnes of compound X being released annually into the

atmosphere.
As reported in New Scientist (25th October 1997), researchers in Japan have detected traces of

the compound Y in the exhaust gases of diesel engines and its concentralion increases
significantly when the vehicle is overloaded. Compound Y appears to be the most dangerous

carcinogen so far detected.
. 4 ' T . . . . [
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All internal combustion engines have the potential for increased pollution if the engine is nul
maintained correetly.  In the UK, all cars over three years old ate required by law (o be
checked annually (o ensure that their emissions do not exceed certain limits.

More recently, some vehicles have been developed that use compressed natural gas (CN(3) as
1 fuel.  Although this combustion of methane still releases carbon dioxide, the emission of
;arbon monoxide is very small and the [ormation of PAHs is very wnlikely because the fucl
mly contains one carbon atom per molecule.

zlectric cars seem Lo offer a pollution-frec “olution to many problems. However, it must be
emembered that if they are operating from hatteries, rather than solar cells, these need to be
tharged on a regular basis. So, although the car is non-polluting, the power station generating
he electricity to cliarge the car’s battery may cause its own pollution problems. The transfer
i pollution from a congested city to a distant power station may be advantageous locally, but
| does not necessarily help the global problem, 1t may be possible, however, to control the
ollution levels more easily in an efficient power station (or to have virtually none at all if the

ource is hvdroclectric power).

mnother scemingly attractive solution would be to use hydrogen as a fuel, as used I many

yace rockets. The main advantage is that the only combustion product is watet. The -

isadvantage is that, in certain proportions. hydrogen and air form an explogive mixture, as
11 be demonstrated in the laboratory. Some scientists have argued that mixtures of methane
1d air can also be explosive, but that has not deterred the use of natural gas on a large scale.

'

nestion

igh perﬁn';:mnce cars produce higher levels of pollution. What would be the arguments ﬁ_}’f’h

mning or allowing such vehicles to be used? Should the price of motor fuel be raised ih
der 1o reflect the enhwiced greenhouse effect caused by excessive carbon d:owde

nissions?

westion . #e%

the UK. there is a telephone "hotline’ 1o enahle members of the public 1o report the
cistration numbers of vehicles émitting vorv smoky diesel fumes. Do you think this is a
od idea and how might its wsefulness he fimited without mn.'pmem"ed records of vehicle

vistration numbers?
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£CBs - Polychlorinated Biphenyls sl \..,”
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biphenyl

Chlorinated biphenyls found widespread usc because they are inert, do not burn easily, and
arc good electrical insulators.  They weie, therefore, used as coolants in electiical
transformers.  Although PCHs are toxic themselves, tying to destroy them by burning can

form a more dangerous product which is similar to a dioxin.

Cl ,c;f : .

heat/0, //‘
e ) L HCH

a PCDF

The dlsposul of PCBs, le‘(IH‘? and PCDUs (|1n!vt,hlumdlbcnmfurans) presents a problcm
bemuqe very high temperatures are required if incineration is to bc used. Special equipment
has to be used and few communities would readily agree to tlie construction of such facilities

in their locality in case of a leak.

Biodegradation ol many compouneiq dcpomlf; on the presence of C-1 bonds which can be
changed, by enzyme action, to C-OH which makes the compound more water soluble. The
more chlorine substituents, the more difficult it is for the compound to biodegrade. 1lowever,
extensively chlorine-substituted compounds often have the fowest toxicity for a group of

compounds.
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APPTLENDY

Walter Purification

Chlorine reacts with water to form HOCI which reacts with 1,3-dihydioxy substituted
benzene rings present in bumic acids fiom soil. After a series of reactions, it is possible for
trichloromethane to he formed.

The presence ol trichloromethane in diinking water is believed 1o have caused thousanls of
cases of cancer of the bladder. [s the answer simply to stop chlorinating water? Over 20
million pcople world-wide die from watertborne diseases. Although other purifying agents
can be used, such as ozone, these agents have no residual effeet in the water - they purify the
water at the timé of (reatment only. The advantage of chlorinaling agents is that small
quantities persist in the water and are, therclore, able to counteract bacteria which may enter

the water system at a later stage.
Question

It is suspected in some areas that compounds such as PCBs have been allowed to leak into
soils. How might these compounds enter the watcr system and why is chlorination ineffective
against such compounds, whereas chlorination ix very good at deswroying bacteria?

Question

To what cxtent are we, as individuals, responsihle for increases in pollution with regard to
power consumpltion?

APPENDIX E

The numbering of CFCs

Designation ¥ormula
CFC-11 CClLF
CFC-12 - CCLF,

,CFC-113 CCI,FCCIF,

- CFC-114 " CCIF,CCI,
CFC-115 " CCIF,CF,

The numbering system of CFCs is far from self-explmatory and an explanation  may be of

interest. ;
Counting from leff to right '

» the first number = number of carbon atoms - | o
« the second = number of hydrogen atoms + |

« the third = number of fluorine atoms

I the first number is zero, this is omitted. i.c. CFC-011 becomes CHo-T1
atoms are chlorine to obtain a saturated molecule ]

[The remaining
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