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Higher Chemistry Unit 3 — Chemical Reactions

Topic 3 — Nuclear Chemistry

Radioactivity

As the title suggests this topic is about the stimerof the nucleus and not about the
orbitting electrons which have had an influencéh@nchemical reactions we have
studied so far. In 1896, Becquerel discovereddimtounds of uranium could ‘fog’
photographic plates which had been kept in the Haekphenomenon became known
as radioactivity and such substances were sa&dradidactive. They emit radiation

which can be of 3 types:, b- andgradiation. The radiation was affected by electric
fields as shown:

electrically b
charged plates
source of,b +
andg radiation g

o

This shows thai-radiation is positively chargberadiation is negative agdadiation
has no charge.

a

a-, b- andgradiations also have different penetrating powers:

a _: /
—® —
b . ; . =
g /\/M)J\/\)&/\/\
0.6 cm thick
paper aluminium concrete

Some of the properties of these radiations areasisethin the table:

Name Penetration Nature Charge Mass (amu)
(alpha) few cm in air He nucleus 2+ 4

(beta) thin metal foil electron 1- 1/2000 (approx)
(gamma) | thick concrete emr* none None

*electromagnetic radiation
a-particles are identical to helium nuélée® . They are positively charged.

b-particies are electroris, They are negatively charged.
grays are very high energy electromagnetic madsatar to X-rays, hence the great
penetrative powers. They have no charge.
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Higher Chemistry Unit 3 — Chemical Reactions

Radioactivity is connected solely with the nucfethe element concerned. This means
that its chemical state is totally unimportanthiuna compounds are as radioactive as
the element.

Radioactivity is a feature of unstable nucleirartting radiation is a means by which
the nuclei can become stable. So what makes s nund&able? Protons are positively
charged and it is thought that the neutrons prévemrotons repelling each other. The
proton:neutron ratio is an important factor indiagi whether a nucleus is stable or not.
For small stable atoms, the number of protonsearitbns are approximately the same
but as the atoms become larger, the number cbmeuteeds to be greater than the
number of protons if the atom is to be stable. &btile graph below:

If an atom has too many or
too few neutrons for the
number of protons, the
atom will not lie on the belt
of stability and will be
unstable and so, radioactive.

Very large atoms (>83umber
alwayseutrons o

protons) are
unstable, irrespective of the
number of neutrons in the
nucleus. It is generally
found that where a nucleus
has too many neutrons, it
changes a neutron into a
proton and an electron and
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ejects the electron as
b-radiation.

n—p+ie -emission

This extra proton results in an increase in atamoer.

eg‘C emits &-particle and becomes a stable isotope of nitrogen
1 1 0
£ —>"N+e

The opposite might happen if the neutron:protolo iattoo low — electron capture
happens from the first ‘shell’. This combines avpphoton to form a neutron and the
other electrons rearrange themselves to filisthehtel.

1Ar + je —> i Cl
It is found that very large nuclei (generally thwitbeatomic number beyond 83) can
become more stable by becoming smaller ie decmpasis — this can be done by

emitting a-particles. Ara-particle consists of a helium nucléus ) $teits emission

means a loss in mass of 4. These radiations oomthdrnucleus and as a result the
nucleus is changed. We must look at this in mt@ik de
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Higher Chemistry Unit 3 — Chemical Reactions

-emission
The nucleus loses 2 protons and 2 neutrons; thesages the charge on the nucleus by 2
and the mass of the nucleus by 4.

eg thorium 232 is amemitter. We can show this in a nuclear equatiote: Moth the
mass (top number) and the charge (bottom numbesi lmeubalanced in a nuclear
equation.

23 228 .
9%Th > SQQC +JHe

Since the emission also involves the loss ofawagpthe atomic number must decrease
by 2 and we have made a new element. This idreaitedutation.

-emission
A b-particle is an electron, yet the nucleus doentatin any electrons. It is thought
that a neutron changes into a proton and an eleatw this electron is emitted as
b-radiation. The other result is that the nuclengoms an extra proton and the atomic
number increases by 1. This another example sshtréation.

22 5> 228 0
S?a 89AC + —1e
-emission
Emission ofrradiation often occurs along with the other typesdiation. It is a means

by which nuclei can lose energy but, as it isanttle in nature and so has no mass or
charge it does not affect mass number or atomienum

Artificial Radioactivity

The examples above are natural radioisotopes ibupassible to make radioactive
isotopes, and many are made for special purpbegscah be made by bombarding
stable isotopes with neutrons in a nuclear redstoe neutrons are uncharged they are
not repelled by the nucleus.

27 2 4
A+ —> TNatiHe

The sodium isotope produced by the above can dgcagmission to produce
magnesium:

iNa —— Mg + e

This source of radioactive isotopes is employethdking some of the useful
radioisotopes which we will meet later. Very Imgigye particle accelerators have now
been developed which allow positively chargedgsatti be used for bombardment.

Predictability of Radioactive Decay

When unstable nuclei emit radiation they are sad tdecaying. It is impossible to
predict exactly when one particular nuclide withéh decay — this is a purely random
event. However, with the massive numbers of raddonaclides in any measurable
guantity, the laws of probability allow us to deter when a certain defined fraction of
them will have decayed — the fraction is in fadtthe original. The time that this takes
to happen is called the *half-life’.
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Higher Chemistry Unit 3 — Chemical Reactions

Half-life for any radioactive isotope is a constesgpective of how much of the isotope
is left. It is also independent of the form (elem@xture or compound), temperature
or applied pressure — it is fixed! However thesityef the radiation will depend on the
quantity of the radioisotope present. The graplvistiows the decay &

100 1200
Mass () Activity
50 | 100 (COunNts per
minute)
0 10 20 30 40 50 60
Time (days)

It is an example of an exponential decay curv@erldentage of the original left after n
half-lives is (¥2)Here are some examples of half life calculations:

Example 1
A radioisotope of phosphorus has a mass of 8aghaffdife of 14 days. Calculate|the
mass of the isotope remaining after 56 days.

56 days = 4 half-lives
809 ¥#4® 409¥#4® 209¥¥4® 109¥¥4® 5¢g
So the mass remaining after 56 days is 59

Example 2
The initial radioactivity of a radioisotope wascbddts/minute. If the activity fell to 25
counts/minute in 24 days, what is the half-liteeofadioisotope?

100¥#4® 50¥%4® 25
2 half-lives have elapsed in 24 days, so tlie bbthé radioisotope is 12 days.

Example 3
A radioisotope has a half life of 7xj€ars. How long will it take for 48g of |the
radioisotope to decay to leave 6g7?
4809¥H4® 249¥¥4® 129¥74® 69
3 half-lives = 3x7X18 2.1xIQ/ears
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Uses of radioisotopes

1. Medical Uses
For many years now, radiotherapy has been utezltfeatment of some cancers.

“Co is often used for the treatment of deep seatedrs — it is g-emitter so is able to
penetrate to the site of the tumour. Skin caneerbe treated with less penetrating
radiation fron?’P which is @-emitter. It is also possible to monitor biologicatesses

in the body. For example, radioactive iodifiegr 1, is used to investigate possible
disease of the thyroid gland. After injectionsofwdion containing some of the isotope
its uptake in the thyroid gland can be determirtb -allows diseased areas to be traced.

2. Industrial uses

Measurements and monitoring of various industr@egses can be made using
radioactive isotopes. For example, imperfectionstah castings and welded joints can
be examined using very penetrating radiagadiation from *Co or *r).
Photographic film can be used as the detectoinGmumet measurements and control of
continuous processes can be made such as in itloeimgoof thickness of paper, plastic
and thin metal sheets. or g-sources can be used to pass radiation througfietis —
one beam goes through a reference sheet of ttockeetss. Any difference in signals
between the two sources shows difference in #sickme this can trigger a response to
make a correction.

3. Agricultural uses
Isotopes”P and™C can be used to determine the uptake of phospimatesarbon
dioxide in plants. This is called ‘isotopic laigglli

g-radiation can be used to kill bacteria and moultteps and this helps to increase the
storage life.

4. Dating
The age of materials can be determined from thkfdhalf certain isotopes. Carbon
dating is probably the most familiar form of gg&nique.

“C is a radioactive isotope which exists naturadlytadits formation in the upper
atmosphere from nitrogen bombarded by neutrons.

1 14,
N+qp —> C+p
Carbon-14 has a half-life of 5600 years and digdagsission.
o —> N+ e

The rate of formation is equal to the rare of decthere is a constant level of carbon-14
in the atmosphere. So carbon in the atmospheostiy the common isotope carbon-12
but with a small fixed proportion of carbon-14bGai14 is absorbed by plants during
photosynthesis so all living plants and animalairtcdhe radioisotope. The level of
carbon-14 in living materials is also constard Hiecrate of decay equals the rate of
uptake from the atmosphere. When the plant or hriea it no longer absorbs
carbon-14 so the level of radioactivity will deer&y comparing the activity of plant or
animal remains with that of living material andvimg that the half life of carbon-14 is
5600 years, it is possible to calculate the tmggerefmains.
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Example
Carbon from a wooden beam in a tomb has an actidty5 counts per minute per
gram of carbon. New wood has an activity of 15<pen minute. What is the age of
the beam?

159¥%4® 7.5%%® 3.75
2 half-lives = 2x5600 = 11200 years

5. Production of energy

Nuclear Fissianvolves the splitting of atoms by slow movingrores The resulting
nuclei are more stable than the original so asdiiggrated in the process. The pattern
of fragmentation varies. Here are three possjsiénwehicli*U undergoes fission:

%St +dxe + g

‘o on 2 Mo % sSn2#
Ar o+ GBa + 3
The fission process emits further neutrons. o O .
These can cause fission in dtfigratoms O e &
and a chain reaction develops. The o ° O e
diagram on the right show what happengranium-235 . O
when two neutrons are released, as in . o *
reactionaandb above. 03
In a nuclear reactor the rate of this chait o
reaction must be controlled by lowering ) . * o °® *
boron rods into the reactor. This nuclear . o2
reaction yields a huge amount of energy in O
the form of heat and this can be used to . o Oe
generate electricity. O, o

Nuclear Fusiois when two nuclei join (‘fuse’), causing enerdpe treleased. This is
another possible source of energy for the futneesii@h possibility is:

2 3 4 1

The above reaction creates even more energy rihba ohtained from any fission
reaction — only one tdkl and ’H per year would be required for a 1000 MW power
station. However it is very difficult to make twol@ fuse because they are positively
charged and the repulsion between them has terserog. It can only be achieved at
exceptionally high temperatures, as found in auarglistars. A great deal of research
into this possibility is being conducted and itwellybe a power source for the future.
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Nuclear or Fossil Fuels for Generation of Etgetrici

Calculations of energy released from the aboveeghaw that 1 mole (2359)°50
would yield the equivalent energy of 60 tonneiglofguality coal (which would deliver
220 tonnes of COto the atmosphere)! This is of extreme enviroamergortance as
nuclear reactors would reduce the consequerteg@anhouse effect and also reduce a
contribution to acid rain. There are, however, ssan®us drawbacks of energy
production from nuclear reactors. Serious accidemisclear plants would result in
immensely catastrophic problems (probability ®fighalaimed to be low but accidents
have happened — such as Chernobyl, 1986). Thdraassmme fission reactions is still
very radioactive and needs to be re-processeckdy gérhaps for thousands of years,
until the radioactivity has decayed to a safelts\dibposal is a matter of great concern
and debate.

Background Radiation

Many people think that the radiation surroundingrughe air etc) comes purely from
man’s work with radioactive materials — eg fronearueactors, fallout from nuclear
explosions etc. However, much of our surroundingioa is natural, from atmospheric
radon and cosmic radiation. The pie chart belowssthe relative contributions to our

‘background radiation’.
Radon, 32. Gamma radiatio
}/7\/ 19.0%

Internal, 17.0%

Natural

Cosmic, 14.

Medical, 11.5%/

Occupationa
0.4%

Artificial

Thoron, 5.0%

Nuclear
discharges, 0.1%

Miscellaneou
Fall-out, 0.5% 0.5%

The Origin of the Elements

Nuclear fusion reactions occur in our sun:
tH+%H ——> 3He
H+3H —> SHe+;n

In the heaviest stars with the hottest and mogtressed centres, further fusion can take
place:

35He —> C
'&C +He —> O

All the naturally occurring elements have beeedamstars in this way.
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