
In this chapter, you will study the polymerisation 
processes by which complex organic molecules, 
called polymers, may be formed from simpler 
molecules. You will examine various types of 
polymers and how their properties can be altered by 
different processes and additives. The advantages 
and disadvantages of the use of polymers are 
discussed, as well as which plastics can be recycled 
to form other useful materials.

YOU WIll eXaMINe:

■ the relationship between the structure and bonding of
polymer materials and their properties and uses

■ thermoplastic and thermosetting polymers, and how
their different structures affect their elasticity

■ addition and condensation polymerisation
■ the structures of high-density polyethene (HDPE), and

low-density polyethene (LDPE), their properties and
recycling

■ the general structural model for polymer materials and
the forces existing between the chains

■ advantages and disadvantages of using polymers
■ recycling plastics.

9 Polymers

CHaPTeR

Originally, toothbrushes were made from the neck hairs of 
wild hogs, and these hairs were attached to either a bone or 
bamboo handle. But, thankfully, with the advent of modern 
plastics, getting a new toothbrush usually requires only a 
short trip to the local supermarket. Toothbrushes today are 
constructed with nylon bristles fi xed to a polypropene handle. 
This was one of the fi rst commercial uses of nylon. Each of 
these materials has specifi c properties that make it suitable 
for this purpose. Unlike hog’s hair, which is a natural polymer, 
both nylon and polypropene are synthetic polymers. What are 
polymers, and how are they customised and produced?

Reuse, reduce, recycle, repair.
Anonymous
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Polymers
It is diffi  cult to imagine, now that we have grown so used to plastics, what life 
was like without them. Many of the items we use every day, from objects as 
insignifi cant as pens and zippers to larger items such as furniture, refrigerators 
and the interiors of cars, are made from plastics. Even our clothes are made 
from synthetic fi bres. Many modern products are produced from a selection of 
plastics, each one chosen for its specifi c properties.

The fi rst polymers
In this chapter you will discover how the widely used compounds called 
‘plastic’ are manufactured. Th ere are many diff erent kinds of plastic, and col-
lectively these are called polymers. Th ere are natural and synthetic polymers. 
Th e polymer industry is mainly concerned with the development and manu-
facture of various kinds of synthetic polymer called plastics.

Th e development of plastics began in the middle of the nineteenth century, 
following a competition set up by a manufacturer of billiard balls. In those 
days, billiard balls were made of ivory and the manufacturer, Phelan and Col-
lander, off ered a substantial prize for the discovery of a satisfactory alternative. 
One of the entrants in the competition was John Wesley Hyatt, who developed 
a substance called celluloid. He did not win the prize, as celluloid is volatile, 
and the billiard balls would have exploded on impact. However, celluloid was 
the fi rst thermoplastic — a substance moulded using heat and pressure that 
retains its shape once cooled — and celluloid became a widely used polymer. 
Its appli cations included dental plates and men’s collars, but it is most iden-
tifi ed with its role in the early photographic and motion picture industries, 
where it was used to make fi lm.

In 1907 the fi rst completely synthetic polymer, called Bakelite, was produced 
by a Belgian–American chemist Leo H. Baekeland (1863–1944). Bakelite, unlike 
celluloid-based plastics, is a thermosetting polymer and cannot be softened by 
heat once it has set. It is also resistant to common acids and solvents. Th ese 
properties made it virtually indestructible, and Bakelite was a landmark in the 
history of plastics. Its discovery started a large plastics industry that produced 
items such as telephones, billiard balls and insulators for electrical devices. Th e 
age of plastics had begun. Chemists went on to invent nylon, PVC, tefl on, poly-
ethene, velcro and many other new materials with important new properties.

The casings and dials of 
early telephones, radios and 
many other appliances were 
frequently produced from 
Bakelite. Modern phones are 
fabricated using polyethene 
or PVC, which are less brittle 
and can be manufactured in 
a range of different colours. 
(Bakelite usually had a brown 
appearance due to the 
oxidation of phenol in air.)

Polymers are large molecules 
made by joining smaller molecules, 
called monomers, together. 
Polymers, including plastics, are 
a wide range of substances, both 
natural and synthetic.
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177CHAPTER 9 Polymers

What is a polymer?
The name polymer comes from the Greek polymeres (‘of many parts’). A 
polymer molecule is made up of thousands of units strung together into 
very long chains. The simple molecules that are strung together are called 
monomers. Monomers link together to form a polymer chain in a process 
called polymerisation. The monomers used to make the polymer can be the 
same or different. Copolymers are formed when two or more different mono-
mers are used. Most polymerisation reactions require a catalyst. Polymers may 
be either natural or synthetic.

Wool, cotton, linen, hair, skin, nails, rubber and flesh are all naturally occur-
ring polymers. Most natural polymers are made of proteins or cellulose. Cotton 
is nearly all cellulose and hair is a protein polymer.

Synthetic polymers are commonly referred to as plastics. ‘Plastic’ means pli-
able or able to be moulded, and this is true of these synthetics, at least during 
their production.

Thermoplastic and thermosetting polymers
Polymers may be classified on the basis of their thermal behaviour. Plastics 
that may be repeatedly melted, reshaped and hardened by cooling are called 
thermosoftening plastics or thermoplastics. An example of a thermoplastic 
poly mer is polystyrene. Plastics that do not melt but char when heated are called 
thermosetting plastics. These plastics must be moulded or shaped during their 
manufacture. Bakelite is an example of a thermosetting plastic material. Further 
examples of each of these plastics and their uses are described in table 9.1.

Table 9.1 Common polymers and their uses

Thermal behaviour Polymer Use

thermoplastic polyvinyl chloride (PVC) water piping, upholstery covering, toys, flexible laboratory tubing, 
suitcases, packaged meats, juice bottles, credit cards, shampoo bottles

nylon hosiery, carpets, clothing, bearings, fishing lines, tennis racquet 
strings, toothbrush bristles, mascara brush bristles

polystyrene foam for insulation, plates, cups, trays, packaging, surfboards, 
beanbag filling, refrigerator and washing machine components

polytetrafluoroethene 
(PTFE, Teflon®)

washers, coating on frying pans, razor blades, skis

polymethyl methacrylate 
(Perspex®)

advertising signs, telephones, light fittings, aeroplane windows

thermosetting urea formaldehyde or phenol 
formaldehyde (Bakelite®)

backs of television sets, ash trays, vacuum jugs

expoxy resin (Araldite®) handles of screwdrivers

melamine formaldehyde 
(Formica®)

kitchen cupboards and benches

polyurethane foam rubber, pillow filling, packaging

Polymer manufacture
A range of processes are used in polymer manufacture. There are two main 
ways to produce polymers from monomers by polymerisation. These are 
addition polymerisation and condensation polymerisation. In each of these 
processes, different functional groups can be used. As seen in chapter 8, a 
functional group is a group of atoms, a bond or an atom that gives a  molecule 
its specific properties. The focus in this chapter is on addition polymerisation.

Weblink
Polymers

Thermosoftening polymers can 
be heated repeatedly, softened, 
reshaped and hardened by cooling. 
Thermosetting polymers do not 
soften when heated but char 
instead. They cannot be reshaped.

For addition polymerisation to 
occur, the monomer must possess 
a carbon–carbon double bond. 
In the joining process, one of the 
bonds in the double bond breaks 
and its electrons are used to form 
new bonds that join the monomers 
together. 
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Addition polymerisation
Addition polymers are widely used in the packaging industry, as well as fea-
turing in many other products. � e uses of the addition polymers polyvinyl 
chloride (PVC), polytetra� uoroethene (Te� on) and polystyrene were shown 
in table 9.1. � e uses of two other common addition polymers are shown in 
table 9.2. � e manufacture and uses of polymers made from the monomer 
ethene are discussed in further detail below.

TABLE 9.2 Addition polymers and their uses

Polymer Monomer Use

polyethene ethene cling � lm, squeeze 
bottles, milk crates

polypropene 
(polypropylene)

propene mixing bowls, ice-cream 
containers, moulded 
chairs

When ethene is subjected to high pressure it changes from a gas to a liquid. 
If the liquid ethene, still under pressure, is heated in the presence of a catalyst 
(a small quantity of oxygen), an addition reaction takes place in which the 
ethene molecules join together and form a long chain (polyethene or poly-
ethylene). � e length of these chains can vary from 100 to 1000 carbon atoms, 
depending on the temperature and pressure used.

For addition polymerisation to occur, the monomer must have a double 
bond between two carbon atoms. � is double bond breaks to allow the long 
chains to form.

Modifying ethene by substituting di� erent functional groups for hydrogen 
atoms produces other monomers that can be polymerised to make polymers 
with di� erent properties, as shown in the � gure below.

The formation of the polymers (a) polyethene, (b) polystyrene and (c) polyvinylchloride from their monomers ethene, 
styrene and vinyl chloride. The double bond between the two carbon atoms in the monomer breaks, allowing long 
chains to form. The resulting materials have an extraordinary array of applications, among them plastic toys and pipes 
used for plumbing made from polyvinyl chloride (PVC). More commonly known as vinyl, PVC was discovered in the 
1920s by Waldo Semon, who was attempting to bind rubber to metal. The new material was inexpensive, durable, � re 
resistant and easily moulded, and is still widely used today.
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179CHAPTER 9 Polymers

Sample problem 9.1

Use structural formulas to show the polymerisation of polypropene 
(poly-propylene) from the monomer propene.
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Revision questions

1. � e monomer tetra� uoroethene has the structural 
formula shown at right.
(a) Use expanded structural formulas to show how you 

would expect this monomer to polymerise.
(b) Name the polymer formed.
(c) Find out the common name for this polymer, and identify its main use.

2. � e monomer vinyl acetate has the structural 
formula shown at right.
(a) Use expanded structural formulas to show how 

you would expect this monomer to polymerise.
(b) Name the polymer formed.
(c) Find out one use of the polymer formed.

Changing the properties of 
linear polymers
Th e versatility of polymers is due to their many diff erent properties. Th ey can 
be hard or soft, fl exible or rigid, transparent or coloured, brittle or able to be 
stretched. Th ese properties of polymers are aff ected by the:
• extent of branching
• arrangement of side branches

Not all polymers are formed 
by addition polymerisation. 
Some, such as the nylon used 
to produce mascara brushes, 
are formed by condensation 
polymerisation.

Solution:
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• crosslinking of polymer chains
• degree of crystallinity
• length of the polymer chains
• addition of plasticisers
• additives.

Extent of branching
Ethene can be polymerised to produce both low- and high-density polyethene. 
Polyethene was discovered in 1933. Scientists had been experimenting with the 
eff ect of heat and very high pressures on ethene. It was not until 1939 that full 
commercial production of polyethene began. Th e fi rst polyethene produced 
was called low-density polyethene (LDPE), because its polymer chains sup-
port a large number of long side branches, producing a low-density substance 
(see the fi gure below). Since the only forces causing these polymer chains to 
attract each other are dispersion forces, the eff ect of the branches is to keep the 
chains apart. Because the attraction becomes weaker as the chains are further 
apart, the density of the resultant compound is low, and LDPE is soft, fl exible 
and translucent, with a waxy surface that repels water.

In the early 1950s, ethene was polymerised using lower pressure and lower 
temperatures. Th e result was a polymer of ethene with very few branches, and 
any branches that developed were short. Dispersion forces act more eff ectively 
on these chains, and this type of polyethene is more rigid, stronger and more 
opaque than LDPE. It is slightly fl exible and also has a waxy surface that repels 
water. It is called high-density polyethene (HDPE).

Most ethene is extracted from natural gas or naphtha by high-temperature 
cracking. Cracking is the process where large molecules are broken down into 
smaller ones.

Unit 1 effects of 
branching and 
chain length
Summary screen 
and practice 
questions

aOS 2

Topic 4

Concept 4

Polyethene is produced in two 
main forms. Th ese are low-
density polyethene (LDPE) and 
high-density polyethene (HDPE). 
Diff erent reaction conditions 
are used to produce these two 
variations. Th e diff erences in 
properties are due to the number 
of branches in the polymer chains 
and the resulting diff erences in 
how the chains can pack together.
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The carbon backbone in a portion of a polymer chain in (a) LDPE and (b) HDPE. The extent of the side branching 
determines the properties of the two forms. LDPE, the fi rst polyethene produced, supports large numbers of long 
branches to produce a low density substance. Among its uses are plastic bags. HDPE was later developed, with very 
few and short branches. It is a stronger, more rigid material and can be used to make bottles.
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181CHAPTER 9 Polymers

Arrangement of side branches in 
linear polymers
Linear polymers are those in which the main backbone is unbranched. When 
one of the hydrogen atoms on ethene, a linear polymer, is replaced by a —CH3 
group the molecule is propene. When propene is polymerised it becomes 
polypropene; the — CH3 group is then called a side branch. Th e way in which 
side branches are arranged on linear polymers, such as polypropene, shown in 
the next diagram, can aff ect the properties of the polymer.

When side branches are arranged on the same side of a linear polymer, the 
polymer is isotactic. Due to the greater eff ect of dispersion forces, such poly-
mers can pack together closely, producing a substance that has a high density 
and is rigid and tough with a high softening temperature. Such polymers have 
many uses. For example, buckets, milk crates, carpets and toilet seats are all 
made from isotactic polypropene.

When the branches occur at irregular points on both sides of the chain of 
a linear polymer, the polymer is atactic. In these polymers the chains of mol-
ecules cannot get as close together and a low-density substance is formed. 
Atactic polypropene, for example, is soft and waxy with little potential use.

Industrially, increased branching is brought about by the use of higher 
 temperatures and pressures.
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Isotactic polypropene (a) has branches on the same side of its chain, while atactic 
polypropene (b) has branches randomly placed above and below the chain. The 
different molecular structures produce two substances with very different properties.

Cross-linking of linear polymer chains
Th ermoplastics are made from linear polymers where the forces between the 
chains are mainly weak dispersion forces. If a small amount of cross-linking (i.e. 
bonding) between the chains is introduced, an elastomer such as vulcanised 
rubber is produced. When a large amount of cross-linking is introduced, a 
rigid polymer results as the atoms are strongly bonded in all three dimensions. 
Th ese polymers are thermosetting and do not melt when heated, but can char 
at high temperatures.

To make a thermosetting polymer, the long linear chains are produced fi rst. Th e 
cross-linking is then brought about either by using heat or by adding a chemical 
to react between the lateral functional groups linking the chains together.

A collection of linear polymers 
with lateral functional groups 
A and B is shown at (a). When 
the A and B groups are linked, 
a rigid cross-linked polymer 
(b) results.

A A A A

B BB B

A A A A

B BB B

A A A A

B BB B

(a) A A A A

B BB B

A A A A

B BB B

A A A A

B BB B

(b)

Th e properties of a polymer can 
be aff ected by physical factors 
such as how well its long chains 
can pack together. If the chains 
can pack closely together, the 
weak dispersion forces between 
them can act more eff ectively. 
Such polymers are usually higher 
in density and hence tougher and 
harder than polymers where the 
chains cannot get as close together.

Digital document
Experiment 9.1 Cross-linking an 
addition polymer to make slime
doc-16001

Cross-links are covalent bonds 
that can form between polymer 
chains. If the number of cross-
links is small, an elastomer results. 
If the number is large, a hard 
infl exible thermosetting polymer is 
produced.

Unit 1 effects of 
cross-linking
Summary screen 
and practice 
questions

aOS 2

Topic 4

Concept 2
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For example, a particular article may be made by placing the prelimi-
nary linear polymer into a mould and then heating it. Cross-links form and 
it is a rigid thermosetting article that is removed from the mould when it is 
opened. Note that thermosetting polymers may still be classed as plastics. 
Th is is because, in the early stages of their manufacture, before the cross-
linking is introduced, they can still be moulded.

A familiar example of the second method of producing cross-links is when 
two-part glues are mixed. One tube contains the preliminary linear polymer 
with the lateral functional groups. Th e other tube contains the ‘hard-
ener’. When mixed, this chemical reacts with the lateral functional groups, 
bonding them together and linking the chains together with strong covalent 
cross-links.

Degree of crystallinity
Polymer chains can be arranged in two ways. Th ey can be crystalline, in that 
they are regularly organised into lines, or randomly packed with no particular 
order. Polymers can be partially crystalline or almost totally amorphous. Th e 
percentage of regularly ordered chains usually ranges between 10% and 80%. 
Th e more crystalline a structure is the greater its hardness, tensile strength 
and opacity. Amorphous polymers are more easily deformed and often trans-
parent. Th e factors that aff ect crystallinity include chain length, branching 
and interchain bonding, as seen previously for LDPE and HDPE. HDPE is 
more likely to conform to a crystalline structure because of its unbranched 
carbon chains.

Length of polymer chains
As chain length increases, the strength, melting and boiling temperatures also 
increase. Long chains tend to get tangled and are less likely to slide over each 
other than smaller chains.

Addition of plasticisers
Plasticisers are major components added to polymers such as PVC during 
production. Th ey are small molecules which cause the polymer chains to 
move slightly further apart resulting in a softer and more fl exible polymer. 
Th ere are many diff erent plasticisers but the most commonly used are 
phthalates.

Plasticisers are added to polymers to increase fl exibility.

Plasticiser =

Key:

Polymer chain =

The strength of a polymer is 
increased if there are more 
crystalline areas.

amorphous regions

crystalline regions

Unit 1 Customised 
polymers — 
copolymers, 
crystalline 
areas and 
plasticisers
Summary screen 
and practice 
questions

aOS 2

Topic 4

Concept 5
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183CHAPTER 9 Polymers

Additives
Additives in polymers can have many diff erent uses. Examples include:
• UV stabilisers, which absorb UV rays to prevent the polymer breaking down
• fl ame retardants to reduce the tendency of the polymer to burn
• dyes to add colour or provide patterns.

Revision question

3. Explain the di� erence between an isotactic and an atactic polymer with 
respect to:
(a) side branching
(b) intermolecular bonding
(c) formation
(d) uses.

Commonly used polymers
Th e process of addition polymerisation has been widely applied in industry to 
produce a host of materials with very diff erent properties. For example, many 
of the parts of the inline skate below are polymers, each one chosen for its 
specifi c properties.

inner lining of ethylene vinyl
acetate (EVA) foam

carbon and �breglass
wheel frame

rubber
stopper

polyurethane
boot shell

nylon inner
wheel rim

urethane wheel hub

polyurethane
boot shell

aluminium buckles with
polyethylene trim

Many items, such as this in-line skate, are fabricated from a diverse range of 
plastic components. Each of these is chosen for its particular properties.

Addition polymers
Addition polymers are widely used in the packaging industry, as well as fea-
turing in many other products. Th e uses of the addition polymers polyvinyl 
chloride (PVC), polytetrafl uoroethene (Tefl on®) and polystyrene were shown 
in table 9.1. Th e uses of two other common addition polymers were shown in 
table 9.2. 

Rubber
Rubber is an addition polymer that occurs naturally. It is a completely 
amorphous polymer. Th e monomer in natural rubber is isoprene or 
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2-methylbuta-1,3-diene. Isoprene polymerises to form long chains, as shown 
in the fi gure below, and the molecular formula is written as (C5H8)n.

Th is chain is similar to that of polyethene (polyethylene) but with an 
important diff erence: rubber still contains double bonds that can be 
attacked by oxygen and, unlike polyethene, rubber can perish. Another dis-
advantage of natural rubber is that it is not elastic. When stretched, the long 
tangled chains straighten out and remain this way as there is little tendency 
for them to return to their original shape. Natural rubber is also susceptible 
to temperature changes, becoming very brittle when cold and sticky when 
hot.

An American inventor, Charles Goodyear, experimented for many years 
to fi nd a way of countering these tendencies. In 1839, Goodyear acci-
dentally dropped a piece of rubber that had been treated with sulfur onto 
a hot stove. He later found that this sample had improved elasticity and 
greater resis tance to temperature change. His discovery formed the basis of 
the process of  vulcanisation, which is still widely used in the rubber manu-
facturing industry today to improve the durability and elasticity of natural 
rubber.
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Structural formulas of (a) the monomer isoprene and (b) the polymer for raw (natural) 
rubber. Natural rubber is produced from latex, a milky white substance that can be 
harvested from rubber trees by making a cut in the bark and collecting the sap as it 
runs out. A well-managed plant can yield approximately 1.8 kg of dry crude rubber 
per year.

Natural rubber is vulcanised in an industrial process where it is mixed with 
sulfur and heated. Th e sulfur atoms form cross-links between chains of rubber 
molecules, reducing the number of double bonds, as shown in the fi gure on 
the next page.

When vulcanised rubber is stretched, the sulfur linkages stop the chains 
slipping past one another and the rubber returns to its original shape when the 
stretching force is removed. Vulcanised rubber is an example of a cross-linked 
polymer where the sulfur atoms link straight chains together. Rubber is used 
for tyres, carpet backing, tyre tubing and the soles of sports shoes.

Rubber is an example of a naturally 
occurring addition polymer. 
However, it needs to be vulcanised 
to make it useful. Th is involves 
heating the natural rubber with 
varying amounts of sulfur. Th e 
sulfur introduces cross-links 
between the polymer chains and 
makes the rubber more elastic and 
durable.
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raw rubber vulcanised rubber

sulfur

heat

CC CC

CC CC

CC CC

CC CC

S

S

S
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CC CC CC CC

S

S

S

S
The linear chains of natural 
rubber can be cross-linked, 
using heat and sulfur, to 
produce a more elastic and 
durable product.

Polymer selection
In 1963, the Nobel Prize winning chemist Giulio Natta said ‘A chemist setting 
out to build a giant molecule is in the same position as an architect designing a 
building. He has a number of building blocks of certain shapes and sizes, and 
his task is to put them together in a structure to serve a particular purpose.’ 
Today we can take this statement to mean that, due to their versatility, poly-
mers can be produced for almost any imagined purpose.

Already in this chapter we have seen a number of ways that this can be 
done. We have seen that small chemical changes can be made to monomers, 
resulting in polymers with diff erent features. Monomers such as ethene, vinyl 
chloride, propene, tetrafl uoroethene and styrene illustrate this point. We have 
also seen that, even with the same monomer, a change in how the monomers 
join together results in signifi cant diff erences in the polymer produced. Th e 
two main forms of polyethene (LDPE and HDPE) are examples of this. With 
cross-linked polymers, the degree of cross-linking can be varied to produce 
polymers with varying degrees of elasticity and, when the number of cross-
links is large, polymers that are fi rm and rigid.

Additional ways also exist to modify polymers. Substances may be added 
to further modify the way a polymer behaves (these are often called ‘fi llers’). 
Vinyl is an immensely versatile polymer because of this. Such chemicals may 
also include fi lters and stabilisers to slow the environmental degradation of 
articles made from such polymers.

Finally, a range of polymers exist based on silicon rather than carbon. Th ese 
are called ‘silicones’. Th ey are generally much more expensive and are used in 
specialised applications.

Th e most common families of polymers can be produced through controlled 
polymerisation from natural ingredients that are relatively easily obtained, 
such as wood, cotton, petrochemicals, limestone, water, salt, fl uorspar and 
sulfur. Each family boasts several members, and the proliferation of synthetic 
materials has resulted in at least 50 commercial varieties. 

Advantages and disadvantages of 
using polymers
A quick look around the room will show the versatility of polymers and how 
dependent our society is on them. Plastics contribute to transport, construc-
tion, entertainment, packaging, clothing and other everyday items such as 
furniture, toys, bags and pens. Th ere are many advantages of using plastics, 
but advantages such as durability are also a disadvantage when it comes to 
recyclability.

A huge range of polymers exist 
today and are used for many 
diff erent applications. Th eir 
versatility has made them one 
of the most useful classes of 
substances that we rely on in 
today’s society. Th is versatility can 
be attributed to the many diff erent 
ways that they can be modifi ed.

Weblink
Waste and management
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Advantages include:
• can be moulded into any shape
• don’t corrode
• are cheaper raw materials than alternative materials
• are less dense so lighter
• are good insulators of heat (home insulation)
• are good insulators of electricity (wire covers)
• are water resistant
• some are recyclable
• most are chemically inert
• are unbreakable
• are relatively cheap to produce
• are useful for surfaces for construction purposes
• reduce the need to use limited natural materials such as timber.

Disadvantages include:
• use up a nonrenewable/fi nite resource
• take a long time to decompose
• take up space in landfi ll
• cause pollution in oceans
• produce toxic gases on combustion
• some cause health problems.

Recycling
Most plastics are produced from crude oil, coal or gas. Th e production of plas-
tics therefore contributes to the depletion of fi nite resources. Th eir bulk adds 
to the cost of waste collection and disposal and, because many of them are not 
biodegradable, they have become a visible part of our environmental litter. For 
these reasons the recycling of plastics is important.

Amazingly durable and inexpensive to produce, plastics changed the way 
products, particularly food and beverages, were packaged. They offered superior 
hygiene, and were shatterproof, lightweight and cost-effective to transport. The 
explosion in disposable plastic products, however, has led to a signifi cant litter 
problem. The very qualities that make plastics so useful can also make them an 
eyesore. 

Unit 1 Recycling 
polymers
Summary screen 
and practice 
questions

aOS 2

Topic 4

Concept 3
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1. Acrylics:
air, limestone, coal, 

gas, water, sulfur
2. Cellulosics: wood or cotton, 

limestone, coal, water
3. Epoxies: oil, air, salt, water

4. Melamines: gas, limestone, coal, air, water
5. Nylons: air, gas, oil, salt, water

6. Phenolics: gas, oil, sulfur, water
7. Polyesters: oil, salt, air, limestone

8. Polyfluorocarbons: gas, salt, �uorspar, sulfur, water
9. Polyolefins: oil or gas

10. Polystyrenes: oil
11. Polyurethanes: oil, air, gas, limestone, salt
12. Synthetic rubbers: oil, gas, air, salt, sulfur, 

water, limestone, coal
13. Vinyls: limestone, oil, salt, air, 

coal

Flexible plastics
Housewares and bottles are made of
polyethene (9), the most common
plastic and one of the lightest plastics. 
Washable playing cards are cellulose 
acetate (2), which in a rigid form goes 
into combs.

Foams
The mattress is a synthetic rubber
foam, and the other items are plastic
foams, made by allowing gas to
bubble through the liquid plastic
during its forming. The sponges are
polyurethane (11); the seat cushions
are vinyl (13).

Rigid plastics
Among the most versatile plastics
(they all appear in other products 
elsewhere on this chart) are those 
in a gramophone record (polyvinyl 
chloride, 13), a juicer (polyethene, 9)
and a toy ri�e stock (nylon, 5).

Synthetic rubbers
Synthetic rubbers (12) resemble
plastics in many ways but are 
classed separately, chie�y because 
of their elasticity, a property not 
usually found in plastics. Synthetic 
rubber can be relatively hard (shoe 
sole and shopping-cart wheel) or 
�exible (�ns).

Coatings
Synthetics are widely used for 
protective covering. Paint bases 
and glove coatings are synthetic 
rubber (12); other items are 
protected by plastics from various 
families: (9), boots, carton; (13), 
tool handle; (8), non-stick frying pan.

Plastic films
Various vinyls (13) are used for 
wrappings. Other wrappings include
polyethene (9) and cellulose acetate (2),
used for camera �lm and tape.

Synthetic fibres
The �bres used in synthetic 
textiles are not thought of as 
plastics, although they are made 
the same way, by polymerisation 
of simple materials.

WOOD

COTTON OIL

NATURAL GAS
LIMESTONE

WATER

SULFUR

FLUORSPAR

COAL

SALT

Some of today’s synthetic materials. Heaped in the hopper on the left are 13 of the 
most common families in the genealogy of synthetic polymers. They are produced 
from the natural ingredients listed. The various forms of plastics are grouped 
separately. The numbers in parentheses refer to the families listed on the left.
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With the joint aim of reducing the impact of the use of plastics on the 
 environment, the plastics industry has implemented a coding system to enable 
plastics to be identifi ed and sorted into their various types for recycling. Plastic 
products are now coded with one of seven symbols, as shown in table 9.3.

Many plastics, including LDPE and HDPE, can be recycled. Once the plas-
tics have been separated, they are shredded into fl akes, and washed to remove 
contaminants. Th e fl akes are melted and extruded then chopped again into 
fl akes, which can then be remoulded into new products.

Recycled HDPE is used for compost bins, detergent bottles, pipes, plumbing 
fi ttings, household bags and irrigation pipes. Recycled LDPE is used for carry 
bags, packaging fi lm and household bags.

Plastics can be recycled 
but fi rst the type of plastic 
must be identifi ed according 
to the codes shown. Once 
sorted, the plastic groups are 
shredded into fl akes so that 
they can be washed, melted 
and remoulded.

Table 9.3 Recyclable plastics

Symbol and name Examples

 polyethene terephthalate

softdrink and water bottles

 high-density polyethene

milk, juice and water bottles

(continued)
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Symbol and name Examples

 PVC

juice bottles, detergent bottles, credit cards, 
PVC piping

  low-density 
polyethene

frozen food bags, bin liners, squeezable bottles, 
fl exible container lids, cling fi lm, bubble wrap

 polypropene

reusable microwave containers, margarine tubs, 
kitchen ware, yoghurt containers, disposable 
cups and plates

 polystyrene

egg cartons, packing ‘peanuts’, disposable cups, 
plates, trays and cutlery, disposable takeaway 
containers

 other

beverage bottles, baby milk bottles, electronic 
casing
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Unit 1 Polymers
Summary screens 
and practice 
questions

aOS 2

Topic 4Chapter review

Summary
 ■ A polymer is a long chain of units called monomers 

that are linked together in a process called polymer-
isation. A copolymer is formed when two different 
monomers are used to make the polymer.

 ■ Natural polymers include wool, cotton and hair. Syn-
thetic polymers are commonly called plastics and 
have two forms.

 – Thermoplastic (or thermosoftening) materials 
soften when heated and can be remoulded. An 
early example is celluloid.

 – Thermosetting materials do not melt when heated. 
An early example is the first synthetic polymer, 
Bakelite.

 ■ Polymers are usually made by either addition or con-
densation polymerisation.

 – Addition polymers are formed when an addition 
reaction causes monomers containing carbon–
carbon double bonds to link together.

 ■ Ethene polymerises to form polyethene (also known 
as polyethylene).

 – Ethene can be modified by substituting different 
functional groups for hydrogen atoms to produce 
other monomers.

 – Monomers are styrene, vinyl chloride, tetrafluo-
rene and propene. These can be polymerised to 
produce polymers with different properties and 
many uses.

 ■ The structure of a linear polymer determines its 
properties.

 – Extent of branching: Low-density polyethene 
(LDPE) and high-density polyethene (HDPE) are 
two important polymers produced from ethene. The 
two substances have very different properties due to 
the different structures of their polymer chains.

 – LDPE chains support a large number of long 
side branches, which keep the chains apart. As 
the attraction by dispersion forces is weaker 
when the chains are further apart, LDPE is a soft, 
flexible and translucent material with a waxy 
surface that can be used for packaging, flexible 
industrial piping, and wire and cable insulation 
sheathing.

 – HDPE is produced using lower pressure and 
temperatures than LDPE and the resulting 
chains have very few and short side branches, 
which are held closer together by dispersion 
forces, making the material less flexible, stronger 
and opaque. HDPE is used to make tough plastic 
bags, kitchen containers, car parts, rigid pipe 
and fibres.

 – Arrangement of side branches: The arrangement 
of side branches can result in either an isotactic 
polymer (branches on the same side) or an atactic 
polymer (branches on both sides), producing a 
high- and low-density substance respectively. 
This is because the presence of branches pushes 
the chains of polymers away from each other and 
acts against the dispersion forces that hold them 
together.

 – Cross-linking of polymer chains: The presence 
of cross-linking, or bonding between the chains, 
affects the elasticity and rigidity of the polymer. 
A small amount of cross-linking produces an 
elastomer, which is relatively elastic, and a large 
amount produces a rigid polymer, because atoms 
are strongly bonded in all three dimensions.

 – Degree of crystallinity: More regions of regular 
arrangement increase strength.

 – Length of the polymer chains: The longer the 
chain, the stronger the polymer.

 – Addition of plasticisers: Plasticisers are small mol-
ecules in polymers that make them more flexible.

 – Additives: These contribute to the appearance and 
stability of the polymer.

 ■ Rubber is a natural addition polymer formed from 
the monomer isoprene. It can be treated with sulfur 
and heat, in a process known as vulcanisation, to 
introduce cross-links and make an elastomer that is 
more elastic and resistant to cold and heat.

 ■ There are many advantages of using plastics but 
some of the advantages, such as their durability, are 
also a disadvantage when it comes to recyclability.

 ■ Many plastics can be recycled. Discarded plastics can 
be sorted according to standard recycling codes. The 
different groups of plastics can then be shredded, 
washed and melted down to produce chips to be 
remoulded.

Multiple choice questions
 1. Which one of the following is a natural polymer?

a Cellulose 
b Polypropene
C Teflon 
D Kevlar

 2. Large molecules can be built up by the combination 
of smaller molecules. These smaller molecules are 
called:
a polymers
b isomers
C monomers
D allotropes.
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 3. Addition polymerisation involves monomers that:
a are polar
b contain a multiple bond
C decompose easily
D contain hydrogen and a functional group.

 4. Which of the following best describes 
poly merisation?
a Small molecules decompose to form a new 

sub stance.
b Two or more chemicals react together.
C Small molecules react to form very long 

mol ecules.
D Small molecules react to form a thicker 

sub stance.
 5. Which one of the following is not a characteristic of 

thermoplastic? 
a No cross-links between chains 
b Can be moulded
C Chars when heated
D Has weak dispersion forces between chains

 6. Rubber is a polymer made from the monomer:
a styrene C   vulcene
b isoprene D   urea.

 7. What structural characteristics are present in the 
monomers used to produce addition polymers? 
a They must contain only carbon and hydrogen. 
b They must all be the same. 
C They must contain a carbon–carbon double 

bond. 
D They must have a low molecular mass.

 8. Teflon is made from the polymer polytetra-
fluoroethylene (PTFE). It has the structure:

C

F

F

C

F

F F F

C

F

C

F

  The monomer for this polymer is: 

a   F F

F F

C C

C   

F C

F

F

F

b   F H

H F

C C

D   

H C

F

F

H

 9. Polymerisation of methyl methacrylate produces 
‘perspex’. The structure of perspex is:

C

CH3

COOCH3

C

COOCH3

CH3H

H H

C C

H

  The structure of methyl methacrylate is:

a   

C

H COOCH3

CH3

C

H

C   

H

H

CH3

C

COOCH3

C

b   

C

H

H

C HH

COOCH3

CH3 D   HH

C C

CH3

C C

H
COOCH3 COOCH3

 10. When the chain length of a polymer increases:
a the melting temperature is lowered
b the substance becomes more viscous
C solubility in non-polar solvents increases
D density decreases.

 11. Which of the following diagrams depicts a 
thermo setting polymer?

a   cross-linking

b   

C   

D   

 12. The difference in strength between low-density 
polyethene (LDPE) and high-density polyethene 
(HDPE) is mostly due to:
a the degree of cross-linking
b the degree of side branching
C a difference between the two in relative 

molecular mass
D the orientation of hydrogen atoms along the 

carbon backbone.
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 13. The vulcanisation of natural rubber:
a involves a condensation reaction
b increases side chain branches in the polymer
C involves cross-linking adjacent polymer chains
D increases flexibility.

Review questions
Addition polymerisation
 1. What are monomers and polymers?
 2. Distinguish between thermosetting and thermo-

plastic polymers and give three examples of each.
 3. Perspex is an addition polymer that has the 

appearance of glass. It is made from the monomer:

C C
H

H

CH3

COOCH3

(a) Draw part of the polymer of perspex.
(b) In what situations would the use of perspex be 

superior to the use of glass?
(c) In what situations would the use of glass be 

superior to the use of perspex?
 4. Give the structural formula for natural rubber and 

the monomer from which it is made.
 5. What is vulcanised rubber?
 6. Explain why vulcanised rubber is an elastomer, 

whereas natural rubber is not.
 7. Briefly explain how the rigidity of a polymer is 

related to the amount of cross-linking.

Using polymers
 8. What are cross-linked polymers?
 9. A polymer used in the manufacture of artificial  

eyes is shown in the figure below.

COOCH3COOCH3
H H

CH3 H CH3 H CH3

COOCH3

C. . . . . .CCCC

(a) Draw the structure of the monomer from  
which the polymer is derived.

(b) Describe the forces that would hold these 
chains together.

 10. Identify the two different forms of polypropene 
and describe how the degree of branching in each 
polymer affects its final use.

 11. Transparent film for packaging can be made from 
LDPE but would not be made from HDPE, which 
is more opaque. Explain this difference in terms 
of the molecular structure of the two forms of 
polyethene.

 12. LDPE is soft and flexible whereas HDPE is 
stronger and more rigid. Explain.

 13. Describe how the vulcanisation of rubber makes a 
more usable material.

 14. List three advantages and three disadvantages of 
using plastics.

Bonding types
 15. Polymers are sometimes called giant molecules 

because they contain so many atoms. As polymer 
chains are twisted together they form fibres. 
Diamond and graphite are also classed as giant 
molecules. A list of the types of bonds studied in 
this course follows. These bonds may exist either 
within a chain or molecule (intramolecular bonds) 
or between chains or molecules (intermolecular 
bonds). Copy and complete the table that follows, 
using the bond types.

  Bond types: covalent, dispersion forces, hydrogen 
bonding, disulfide

Polymer

Bond type

intramolecular intermolecular

diamond

graphite

polyethene

natural rubber

vulcanised 
rubber

Recycling
 16. Explain why the recycling of plastics is desirable.
 17. Describe why the coding system used for plastics 

is beneficial.
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exam practice questions

In a chemistry examination you will be required to answer a number 
of short and extended response questions. 

Extended response questions
1. (a)    Draw the full structural formula of the unsaturated molecule represented by the 

semi-structural formula CHCl CHF.  1 mark
(b)   Draw a section of the polymer produced when the monomer from part (a) 

undergoes polymerisation. 2 marks
(c) A section of an addition polymer is shown below.

C

H

H

C

F

Cl

C

F

Cl

C

H

H

C

Cl

F

C

Cl ClH

H

C

F

C

H

H

C

H

H

C

F

Cl

C

H

H

C

F

  Draw the structural formula of the monomer that it is produced from.  2 marks

2. (a)   Draw the structural formulas of the following molecules.

     (i) but-2-ene

  (ii) but-1-ene 2 marks
 (b) Examine the section of polymer that is shown below.

CH

CH3

CH3

CH CH

CH3

CH3

CH CH

CH3

CH3

CH CH

CH3

CH3

CH

  From which of the substances in part (a) could this polymer have been made?  1 mark
(c)  Draw a section of the polymer chain that could be made from the other molecule 

(i.e. the one not used for part (b)).  2 marks
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