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A hair is made of a shaft that grows out of a follicle in 
the skin. This shaft comprises three main components: 
the cuticle, the cortex and the medulla (Figure 1).

Structure of hair
Cuticle
The cuticle is the outermost layer of the hair shaft and the first 
line of defence against damage. It controls the water content of 
the hair and is made up of a single layer of scale-like cells, which 
point towards the end of the hair. When the hair is submerged 
in certain chemicals, these scales lift up and solutions are able 
to infiltrate the hair, which allows for bleaching and dyeing.

Cortex
The next layer of the hair shaft is the cortex, which accounts for 
around 90% of the mass of our hair. It has a fibrous consistency, 
as it is made up of long chains of the protein keratin. This is a 
structural protein that is also found in hooves and nails. Keratin 
is strong because it contains the amino acid cysteine, which is 
capable of forming covalent bonds (disulfide bridges) between 
protein chains (Figure 2), providing the hair with resistance to 
heat and mechanical stress.

The cortex also contains the pigment melanin (see CHEMISTRY 
REVIEW, Vol. 23, No. 1, pp. 16–17), which is responsible for the 
colour of our hair and skin. There are two types of melanin: 
eumelanin, which gives rise to black and brown hues, and 
pheomelanin, which causes yellow and orange hues (Figure 3). 
It is the ratio of these two pigments in the hair that determines 
your natural hair colour.

Medulla
The innermost layer of the hair is the medulla and it is only 
present in thick or coarse hair. Its role is not well understood 

Highlighting 
hair dye
Ross Ward

This article links to the following topics in the AQA, Edexcel, OCR, 
WJEC, CCEA, SQA and IB Diploma exam specifications:
• dyes and pigments
• oxidation reactions
• proteins
• reversible and irreversible reactions

Exam links 

How does hair bleaching 
and dyeing work, and does 
it do any lasting damage?

Figure 1 Hair structure

Hair shaft

Medulla
Cortex

Cuticle

Hair follicle

Skin layers
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Box 1 The dye revolution

People have been dyeing their hair for thousands of years, with 
natural colourants such as henna and mineral salts. These products 
produced bright results, which often looked unnatural. However, in 
1907, a French chemist called Eugène Schueller created a dye that 
would come to revolutionise the hair dye industry. His dye used the 
chemical paraphenylenediamine (benzene-1,4-diamine).

NH2

H2N

This chemical was able to create several subtle shades that looked 
much more natural than the other products available. His business 
took off and still exists today as the beauty powerhouse L’Oréal.
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Figure 2 Keratin contains many cysteine residues that can 
form disulfide bridges between different sections of the protein 
strand
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Figure 3 Parts of the structures of eumelanin and pheomelanin. (COOH) can be COOH or H. Arrows show where the polymer continues

but, interestingly, the medullary index (the portion of the hair 
shaft taken up by the medulla) varies by species. Humans have 
a very low medullary index of less than one third, whereas many 
other animals have indices of at least 50%.

Bleaching 
Many people bleach their hair for cosmetic purposes, in order to 
lighten their hair to platinum-blonde locks, or so that they can 
dye their hair brilliant colours. But how does it work?

Many hair bleaches are made up of a solution of hydrogen 
peroxide (H2O2) as an oxidising agent, mixed with aqueous 
ammonia (NH3(aq)) that acts as an alkaline solution. The 
ammonia lifts the scales of the cuticle so that the H2O2 can get 
at the melanin held in the cortex. Once into the hair shaft, there 
are two stages of melanin bleaching. The first is a reversible 
oxidation of phenol groups, followed by a second irreversible 
degradation of the melanin polymer.

This first step, the oxidation (reaction 1a in Figure 4), requires 
the presence of molecular oxygen and is accelerated by both light 
and the presence of metal ions. The oxidised species can also be 
produced via a disproportionation reaction (reaction 1b). The 

Alkalising agent  A chemical that is added to a mixture in order to 
increase the pH of the solution.

Disproportionation reaction  A type of chemical reaction in 
which the same compound is simultaneously reduced and oxidised.

Oxidation  A reaction in which an atom, molecule or ion loses an 
electron (or electrons).

Oxidising agent  A chemical species that receives an electron (or 
electrons) during a reaction (becoming reduced), thereby oxidising 
the species that loses the electrons.

Phenol group  An –OH group attached directly to an aromatic 
(e.g. benzene) ring.

Pigment  An insoluble coloured chemical compound.

Porosity  The number of pores (tiny holes) in a substance and 
therefore its likelihood of allowing liquids or gases in and out of it.

Precursor molecule  A molecule that reacts to form another 
substance.

Reducing agent  A substance that donates an electron (or 
electrons) to another species, so bringing about the reduction of the 
other substance. The reducing agent is oxidised in the process.

Glossary 
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second step is the destruction of the melanin by ring-opening, 
induced by peroxide ions from H2O2 (reaction 2).

Eumelanin is destroyed more readily than pheomelanin, so 
quite often after the first application of bleach to the hair, all the 
black and brown hues from the eumelanin are gone, while the 
orange/yellow hues from the pheomelanin remain, giving the 
hair a bright orange appearance. Further applications of bleach 
are then required to fully remove all pigment, leaving a light 
yellow colour, which is the natural colour of keratin.

Dyeing 
After bleaching, some people tone their hair to rid it of the 
yellow shade and give it a more natural appearance (Box 1). 
Others add brightly coloured dyes for a standout look. But do 
you want a permanent hair colour, or one that will wash out 
over time?

Naturally occurring dyes
There are several naturally occurring dyes, such as henna 
and chamomile, which are both vegetable dyes derived from 
plants. Henna consists of dried leaves from the Lawsonia alba 
plant, and it produces orange colours due to the chemical 
2-hydroxy-1,4-naphthalenedione, also known as lawsone 
(Figure 5). Chamomile owes its colouring properties to the 
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Figure 5 Lawsone and apigenin are hair colourants obtained 
from plants
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Figure 4 The bleaching of melanin begins with the oxidation of phenol groups (1a) or a disproportionation reaction (1b), followed by 
an irreversible degradation of the melanin polymer by peroxide ions (2)
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The light yellow colour produced by 
bleaching is the natural colour of keratin
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chemical apigenin (4',5,7-trihydroxyflavone), which is found in 
the flowers of Roman and German chamomile strains.

Aside from vegetable dyes, there are also metallic dyes 
that contain silver or, in some cases, lead salts. The use of 
lead compounds in hair products is banned in many places, 
including the European Union, Canada and the USA, due to 
their toxicity (see pp. 18–21). These types of dyes can be added 
daily to hair and do not immediately deposit colour. Instead 
they are progressive colourants, which, as they are exposed 
to oxygen from the air and sulfur from keratin, form metallic 
oxides and sulfides that gradually darken the hair. This produces 
a more natural-looking effect for older people, as these dyes are 
not capable of covering 100% of grey hairs.

Temporary hair dye
Many people wish to dye their hair semi-permanently, with a 
dye that will eventually be washed out with shampoo. Typically, 
these dyes do not use ammonia and may have little or no 
peroxide. The molecules are small enough that they can pass 
into the cuticle on their own, but this also means that they 
can be washed out of the hair shaft by shampoo. Some dyes, 

called demi-permanent dyes, achieve slightly longer timescales 
by starting as smaller pre-colour molecules which, once in 
the hair shaft, react together to form larger molecules that take 
longer to be removed.

Permanent hair dye
Alternatively, you might wish to dye your hair permanently, 
with a colour that will not wash out. Starting with freshly 
decoloured hair, you can then add a permanent dye, which 
requires the cuticle to be open so that it can pass into the hair 
shaft and bind to the cortex, depositing a new colour.

As with demi-permanent dyes, these dyes consist of 
precursor molecules, which are not themselves colourful, but 
they react inside the hair shaft to produce colour. In the case 
of permanent dyes, ammonia is used as the alkalising agent, 
whereas monoethanolamine (MEA) is used in demi-permanent 
dyes. As before in bleaching, the alkaline solution allows the 
opening of the cuticle, while the oxidising agent commences the 
reaction of the precursor molecules to form a larger molecule of 
higher molar mass. This dye is cationic (i.e. is positively charged) 
and so is attracted to the negative charges present in the cortex, 
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forming electrostatic interactions that prevent the removal of the 
pigment from the hair.

Box dyes (hair dye products available to use at home) must 
contain reducing agents, such as sodium metabisulfite, as well 
as antioxidants, in order to prevent the initiation of the reaction 
during storage.

Damage

Bleaching and colouring hair can be fun and allow you to 
change your appearance and express yourself. However, it does 
come with a price. During bleaching, the disulfide bridges in 
keratin are broken, releasing sulfur gas, which is the reason why 
there is sometimes a burning smell during bleaching.

Because the cuticle is opened during the process, it needs 
to be closed back up again. This is often done with post-
treatment conditioners, which cause the scales of the cuticle to 
go back down. However, the arrangement does not revert to its 
exact original state. This means that the cuticle can no longer 
control the movement of water into and out of the hair shaft 
as efficiently, leading to higher porosity. The hair gets wet too 
easily and loses too much water when dry, leading to hair that 
feels rough. This damage cannot be undone, but the hair can be 
made to look healthy by regularly conditioning it.

So now that you know more about the chemistry and action 
path of these commonly used cosmetic products, as well as the 
consequences and benefits, you can make an informed decision 
about whether to use them or not, and which ones might be 
suitable for you.

• A hair shaft has three main components: the cuticle, the cortex and 
the medulla.
• Many hair bleaches contain hydrogen peroxide and ammonia. The 
ammonia lifts the scales of the cuticle so that the peroxide can reach 
the melanin (pigment) held in the cortex.
• Semi-permanent dyes can be washed out of the hair shaft by 
shampoo. Typically, they do not use ammonia, and may have little or 
no peroxide.
• Permanent dyes require the cuticle to be open so that the large 
dye molecules can pass into the hair shaft and bind to the cortex, 
depositing a new colour that cannot be washed away.

Key points 

Ross Ward is studying for an MChem in biological and 
medicinal chemistry at the University of York.

1 What is the systematic name for these molecules? (2 marks)
  a OH

OH
  b O

O
2 What is the name of this functional group: –SH? (1 mark)
3 Draw the structure of ethanolamine (2-aminoethanol) (1 mark)

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

Practice exam questions Practice exam questions

Articles on the chemistry of hair from past issues of CHEMISTRY REVIEW:
‘Crowning glory: the chemistry of hair and hair care’, Vol. 2, No. 5, 
pp. 2–8.
‘Curly locks’, Vol. 12, No. 1, pp. 17–20 (the chemistry and structure of 
hair).
‘Dyeing hair’, Vol. 12, No. 1, pp. 22–23.
‘Bleaching and dyeing: chemical change in hair fibres’, Vol. 20, No. 4, 
pp. 9–15.

Online archive 
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So far in this volume we have covered the journey of 
our understanding of atomic structure, finishing with 
the quantum mechanical model and the experiment 

conducted by James Chadwick in 1932, which revealed the 
existence of neutrons (see CHEMISTRY REVIEW, Vol. 29, No. 1, 
pp. 10–14 and Vol. 29, No. 2, pp. 23–27). Chadwick fired a beam 

of alpha particles at a sample of beryllium. This target emitted 
something high in energy, with a similar mass to a proton, but 
the particle was not deflected by electric fields. This showed that 
the particle had no electric charge, i.e. it was neutral, and so it 
was called a neutron.

Fission to fragments
In 1934 Enrico Fermi carried out experiments which 
demonstrated that neutrons could split atoms. When he did this 
with uranium, the atoms of 235U were split into elements with 
a much lower mass. In 1938, Otto Hahn and Fritz Strassmann 
performed a similar experiment and detected lighter elements, 
such as barium, in the post-experiment matter. A team of 
scientists hypothesised that the barium-containing material 
resulted from the splitting of the uranium nucleus (nuclear 

The chemistry of  
nuclear energy

 a brief history of…

This column links to the following A-level topics:
• atomic structure (protons and neutrons)
• atomic mass
• nuclear fission
• mass and energy
• radioactivity

Exam links 

Emma Dux explains how we harness the 
power of the atom to produce electricity
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unaccounted for. This difference in mass is called the mass defect, 
and is what provides the large amount of energy generated by 
the fission process. To understand this properly, we need to 
use Einstein’s famous equation that relates energy and mass: 
E = mc2, where E is energy (in joules), m is mass (in kilograms) 
and c is the velocity of light (2.9979 × 108 ms–1). An electronvolt 
(eV) is the amount of energy that is gained by a single electron 
accelerating from rest through an electric potential of 1 volt 
(1eV ≈ 1.602 × 10–19 J).

The calculations in Box 1 show that 1 amu releases 931.5 MeV 
of energy. We can calculate the amount of energy generated by 

fission), but the mass of what remained did not add up to what 
they started with.

The uranium nucleus can split into fragments of various 
sizes, with one typically having a mass number between 85 
and 105, and the second having a mass number between 130 
and 150. Some of the most common products from the nuclear 
fission of 235U are:
■ 90Sr and 114Xe
■ 87Br and 146La
■ 96Rb and 137Cs
■ 137Te and 97Zr
■ 141Ba and 92Kr

The average number of neutrons given out by each fission 
is 2.4 (Figure 1).

E = mc2

Adding up the atomic masses of the material that could have 
potentially arisen from fission did not equal that of the original 
uranium. To demonstrate this, let’s take this fission reaction as 
an example:

 Nuclear fission 
235U + 1n  138Ba + 95Kr + 31n (1)

One atomic mass unit (amu) is defined as one twelfth of the 
mass of a 12C atom (Table 1). The total mass of the reactants 
in Equation 1 (235U and 1n) is 236.0526 amu, while the mass 
of the products is 235.8311 amu, leaving 0.2215 amu being 

Table 1 Masses of atoms and particles  
involved in a fission reaction 

Atom or subatomic particle Mass (amu)
235U 235.0439

1n 1.0087
138Ba 137.905
95Kr 94.900

Box 1 Converting amu to kg

As 1 atomic mass unit (amu) is defined as one twelfth of the mass of 
a 12C atom, we need to know the accurate mass of an atom of 12C in 
grams. By definition, a mole is the number of atoms in exactly 12 g of 
carbon-12. This is Avogadro’s constant, 6.02214 × 1023 mol–1.

The mass of 1 atom of 12C = 
12 g

6.02214 × 1023  = 1.99265 × 10–23 g

As 1 amu is one twelfth of the mass of a 12C atom:

1 amu = 
1.99265 × 10–23

12
 g = 1.66054 × 10–24 g = 1.66054 × 10–27 kg

Note that the joule is a derived unit of energy that can be defined 
as J = kg m2 s–2

We can then see how much energy 1 amu is equivalent to:

E = mc2

where c = 2.9979 × 108 m s–1

E  = 1.66054 × 10–27 kg × (2.9979 × 108 ms–1)2 
= 1.4924 × 10–10 J

To convert this energy value from J to eV, we need to use the 
relationship of 

1J ≡ 6.2415 × 1018 eV

Therefore 1.4924 × 10–10 J × 6.2415 × 1018 ≡ 931 481 460 eV 
or 931.5 MeV

235U

A neutron travelling at a 
slow enough speed collides 

with the nucleus of 235U

236U
The resulting 236 nucleus 

is unstable

Nuclear fission

The fission of the original 
nucleus produces nuclear 
fragments of lower mass, 

neutrons and energy
Figure 1 Fission of the 235U nucleus
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the mass defect of 0.2215 amu caused by the fission of one atom 
of 235U:

Energy released = 0.2215 × 931.5 = 206.3 MeV 

(in this particular fission process.)
This a considerable amount of energy, and the amount 

that can be generated by fossil fuel combustion pales into 
insignificance in comparison. The most efficient coal fuels 
produce around 30 kJ g–1 and some produce less than 1 kJ g–1.

Controlling the reaction
To obtain nuclear power, we need to harvest the energy from 
a controlled reaction. Uranium-235 (235U) is the isotope of 
uranium that can undergo a fission reaction. To start the fission 
of a 235U atom, a neutron needs to be injected into the nucleus:

235U + 1n → 139Ba + 94Kr + 31n + Energy

Usually, the fission reaction of uranium produces two more 
free neutrons than were there previously, and these can then 
go on and initiate further fission reactions at other 235U nuclei, 
and therefore produce further energy. This means that a single 
neutron initiating a fission reaction at a 235U nucleus can cause 
a chain reaction, i.e. a reaction that grows exponentially. The 
exponential production of energy can lead to an explosion. 
This huge and rapid increase in the release of energy is the 
premise behind a nuclear bomb. In order to produce energy 
steadily and safely in a power plant, the chain reaction must 
be controlled.

In 1941 a uranium chain reactor was designed by a research 
team including Enrico Fermi. It involved uranium being 

Alpha particle  Consists of two neutrons and two protons, 
equivalent to a helium nucleus.

Nuclear fission  The splitting of large atomic nuclei (such as 
uranium or plutonium) into smaller nuclei. The reduction in binding 
energy enables net release of energy from this process.

Glossary 

10B  +  11B  1n

4He2+  +  7Li3+ + 2.79 MeV

4He2+  +  7Li3+ + 2.31 MeV + 

6%

94%

113Cd  +  1n 114Cd  +  

Figure 2 The absorption of neutrons by cadmium and boron 
control rods (γ indicates an emission of gamma radiation)

The central hall of a nuclear power 
plant, showing the lid of the reactor

8247_Chemsitry_29_4_CC_Print.indd   9 21/02/2020   12:08



10 Chemistry Review  April 2020

contained within a stack of graphite, and had control rods. These 
were designed to regulate the reaction speed and stop the chain 
reaction in the nuclear reactor running away, leading to an 
explosion. The reactor, called Chicago Pile-1, was constructed in a 
laboratory at the University of Chicago, and on 2 December 1942 
the first human-made self-sustaining nuclear chain reaction was 
initiated within it.

Control rods are made of a neutron-absorbing material. They 
can be pushed into and pulled out of the reactor core as required:

 ■ When pushed into the reaction pile, they reduce the number 
of neutrons available for fission of uranium.

 ■ When pulled out, they allow the reaction to speed up.
These rods are often made of boron (generally in the form 

of boron carbide, B4C) or cadmium (usually in the form of an 
alloy formed with silver and indium), which are both effective 
absorbers of neutrons. With boron, it is the 10B isotope that 
provides the absorbing effect, creating 11B. This unstable isotope 
then undergoes one of two fission fragmentations, both of 
which result in the generation of an alpha particle (4He2+) 

and 7Li3+. With cadmium, it is the 113Cd isotope that absorbs a 
neutron to form the stable 114Cd isotope (Figure 2).

Slowing down the neutrons
The neutrons emitted by the nuclear fission process have very 
high energies (approximately 1 MeV), but only neutrons with 

Articles on nuclear fission and fusion from past issues of 
CHEMISTRY REVIEW:
‘Lise Meitner, radiochemist, physicist and co-discoverer of nuclear 
fission’, Vol. 16, No. 1, pp. 11–14.
‘Ida Tacke-Noddack, co-discoverer of rhenium and nuclear fission’, 
Vol. 16, No. 2, pp. 7–9.
‘From gaslight to nuclear power: chemistry of the actinides’, Vol. 17, 
No. 1, pp. 2–5.
‘Fusion, powering the future?’ Vol. 16, No. 1, pp. 17–21.

Online archive 

The energy produced by nuclear fission can be 
used to power turbines, generating electricity
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as ‘yellowcake’). The original method for increasing the relative 
amount of 235U involves converting the uranium to uranium 
hexafluoride (UF6), which becomes a gas when heated above 
80°C. The uranium hexafluoride is then sent as a gas through 
great lengths of porous material (on a kilometre scale), where 
the slightly lighter 235U is able to diffuse through at a slightly 
faster rate than the 238U isotope. This process has disadvantages: 
it is expensive in terms of energy, and UF6 is a highly corrosive 
compound.

Generating more fuel
235U is not the only fissionable isotope (although it is the only 
naturally occurring one). An isotope of plutonium, 239Pu, can 
also undergo fission upon bombardment by neutrons to yield 
energy. This isotope of plutonium can be ‘bred’ from 238U, 
the isotope that makes up the majority of naturally occurring 
uranium. The successful bombardment of 238U with a neutron 
creates 239U, which then undergoes two successive beta (β) 
decays (a form of radiation that involves the emission of an 
electron and an anti-neutrino). This leaves the nucleus with an 
additional proton, producing 239Np and then 239Pu (Figure 3).

Nuclear fission provides a highly efficient way of obtaining 
useful energy to power our homes and industries. However, the 
technology is not without risk, as uncontrolled reactions can 
lead to serious accidents (as seen at Chernobyl in 1986), and 
the storage or safe disposal of radioactive waste causes much 
controversy. The future of nuclear power may lie in fusion rather 
than fission, and there is ongoing international research to bring 
this about. One day your home could be warmed by energy from 
an ‘artificial sun’ — perhaps you could be the researcher who 
makes that happen.

an energy of one millionth of this (i.e. 1 × 10–6 MeV or 1 eV) are 
able to collide with a 235U nucleus to bring about another fission 
reaction. This is achieved in nuclear energy reactors through the 
use of moderators.

High-energy neutrons collide with the nuclei of the 
moderating material, thereby transferring some of their 
energy to the moderator. The most effective transfer occurs 
when the atomic nuclei in the moderating material are of 
a similar size to the particles colliding with it, so water is a 
good moderator that is often used. Some reactors use ‘heavy 
water’ (water where the hydrogen atoms are replaced with 
deuterium, 2H) instead of normal water as, unlike normal 
water, it does not capture any neutrons. Graphite is also a 
commonly used moderator.

The use of a moderator substantially increases the probability 
of neutron collisions with 235U nuclei, leading to fission. In fact, 
the reactors that use heavy water as a moderator do this so well 
that the uranium does not need to be enriched prior to use.

Enrichment
Enrichment is the process of increasing the relative amount of 
the 235U isotope in uranium before it is used as fuel.

Uranium naturally occurs as 99.27% 238U, 0.72% 235U and 
0.001% 234U. Only the 235U isotope undergoes fission, and for 
most types of nuclear reactors (ones that use normal water 
for moderation) the natural abundance of this isotope is not 
sufficient for maintaining a self-sustaining critical chain 
reaction, so the uranium must be enriched.

Uranium is usually purified from its ores as uranium oxide 
(U3O8), which has a bright yellow colour (hence being known 

Figure 3 The formation of 239Pu from 238U

238U

A neutron travelling at high 

 decay  decay

speed collides with the 
nucleus of 238U

239U 239Np9292 93
239Pu94

• When neutrons are fired at certain large atoms (e.g. uranium-235), 
they can cause the atom to split into smaller atoms (fission).
• The mass of fission products is less than the mass of the reactants. 
The difference is the mass defect.
• The mass lost is converted to energy, as described by E = mc2.
• Neutrons released in the fission of one atom can trigger fission of 
others in a chain reaction.
• Control rods in a nuclear reactor absorb neutrons to prevent a 
runaway chain reaction from causing an explosion.

Key points 

Emma Dux assists with inorganic research in the Department 
of Chemistry at the University of York and is a sub-editor for 
CHEMISTRY REVIEW.

1 Assuming that a sample of coal consists entirely of carbon, and 
on burning releases 30 kJ of energy per gram:
   a How much energy is released per carbon atom when the coal is 

burnt? 
   b How does this compare to the energy released from one atom 

of 235U undergoing nuclear fission? (2 marks)
2 Plutonium-239 can undergo nuclear fission.
  a How many protons and neutrons does an atom of 239Pu contain?
   b When it undergoes fission, 239Pu releases 207.1 MeV. What is 

the mass defect responsible for this energy? (2 marks)

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras
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Maxwell–Boltzmann  distribution curves
 revision note

In order for a chemical reaction to occur, the reactant particles must collide in 
the correct orientation with sufficient energy. A Maxwell–Boltzmann curve is a 
graphical representation of the distribution of energies of particles in a gas 
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Ecat

The activation energy (Ea) is 
the minimum energy that 

reactant particles must possess 
for a reaction to occur

Most probable
energy

The curve never 
touches the x-axis,

as there is no 
maximum energy

On addition of a catalyst,
more particles have

enough energy to react

The area under the curve
is proportional to the total

number of particles

The greater area under
the curve at the higher
temperature shows that

more particles have
enough energy to react

The activation energy for the catalysed (Ecat) reaction
is lower than that of the uncatalysed reaction

The activation energy
remains the same

The total area under both curves
is the same, as the number of

particles has not changed, but at a 
higher temperature the particles
have (on average) more energy

Temperature T2 is higher than T1

Increase  in   temperature 

Adding  a  catalyst

Other ways to increase
the rate of a reaction
• Increase the concentration of a solution.
• Increase the pressure of a gas.
• Increase the surface area of a solid.

Download this poster at 
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras
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Maxwell–Boltzmann  distribution curves

Anne Hodgson teaches chemistry at the University of York.
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In CHEMISTRY REVIEW, Vol. 29, No. 3, pp. 14–15 we introduced 
the idea of logical fallacies. That is, invalid arguments that are 
caused by faulty reasoning.  Fallacies can often be found in 

discussions about chemistry in society, for example in debates 
about fracking, big data analytics, and drug development and 
use. While many logical fallacies may appear to be appealing 
or persuasive, they are not logically valid and should therefore 
be rebutted.

In this column, we will focus on two common fallacies:
 ■ The false dilemma (sometimes referred to as the false dichotomy).
 ■ Post hoc ergo propter hoc (Latin for ‘after this, therefore because 

of this’).
Both fallacies involve the oversimplification of an issue. The 

false dilemma occurs when someone suggests that just one of two 
situations can be the case, and that both are mutually exclusive, 
when in reality there may be more legitimate scenarios. The 
post hoc ergo propter hoc fallacy occurs when someone falsely 
assumes that simply because A happens after B, B must have 
caused A to happen, when in reality a causal relationship may 
not necessarily exist.

False dilemmas
The false dilemma typically occurs when someone argues that 
‘you’re either in favour of this, or you’re against it’ or that 

‘you either believe this, or you believe the opposite’, without 
considering the possibility that alternative perspectives could 
legitimately exist.

False dilemmas often appear in the discussion of controversial 
topics, such as shale gas extraction by hydraulic fracturing (see 
CHEMISTRY REVIEW, Vol. 28, No. 4, pp. 7–9).  For example, John 
Aston, the former envoy for climate change at the UK Foreign 
Office, claimed that:

‘ You can be in favour of fixing climate change. Or you can be 
in favour of exploiting shale gas. But you can’t be in favour of 
both at the same time.  ’The problem with this kind of statement is that it ignores, or 

seeks to do away with, the idea that a person can be in favour 
of both exploiting shale gas and seeking to address climate 
change. It may be that someone is in favour of exploiting shale 
gas to replace coal-fuelled power stations, but with the ultimate 
goal of phasing out non-renewables altogether (coal and shale 
gas included). This is not to suggest that there should not be 
concerns about fracking, but it is wrong to assume that someone 
is against addressing climate change if they are in favour of 
exploiting shale gas.

A better way to argue against fracking might involve pointing 
out the risks associated with drinking contaminated water, 

Myth 
busting
Lynda Dunlop and Joshua Stubbs tackle  
more bad arguments in chemistry

 how science works
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prescribed other, already licenced drugs, they recovered at a 
slower pace.

In order to avoid post hoc ergo propter hoc, it is important to 
think about whether the relationship that is being claimed to 
exist makes logical sense (for example, if there is a chemical or 
biological mechanism that would account for the relationship), 
as well as whether it could have been caused by something else, 
or is just coincidence. Big data analytics are increasingly being 
used in diagnosis, decision-making and controlling access to 
goods and services, so it is important to be able to identify 
the post hoc ergo propter hoc fallacy and avoid jumping to false 
conclusions on the basis of correlations.

One of the reasons people are often fooled by post hoc 
ergo propter hoc is that humans have a propensity for pattern 
spotting. This is an important survival skill, allowing us to make 
predictions and anticipate hazards. However, it is important to 
remember that correlation is not the same as causation, though 
it can be suggestive of it and indicate a direction for further 
investigation, often through scientific experimentation. The 
key message is that it is important to hold causal claims up to 
scrutiny and to remain cautious when pattern spotting and 
pattern describing to avoid fooling ourselves — and others — 
into believing things that are not true.

or with seismic activity near fracking sites. It might involve 
identifying gaps in knowledge that need to be filled before a 
decision can be made about the contribution of fracking to 
climate change.

False dichotomy
Similarly, in everyday conversation, students sometimes refer 
to themselves as being a ‘creative person’ and therefore not 
good at scientific subjects, or as being a ‘scientific person’ who 
is therefore not good at creative subjects. This suggests that it is 
not possible to be good at both creative and scientific subjects 
at the same time.

This is a false dilemma because it is indeed possible for 
someone to be good at both artistically creative subjects, such 
as music, and scientific subjects such as chemistry. In fact, 
creativity is part and parcel of science — thinking of research 
questions and designing studies, for example, requires a huge 
amount of original thought.

Post hoc ergo propter hoc
Another type of fallacy that can often be found in everyday 
conversation and the reporting of science is the post hoc ergo 
propter hoc fallacy. This fallacy, as already mentioned, assumes 
that because something (A) happens after something else (B), 
B must have caused A to happen. Yet this may not be the case, 
especially when it is difficult to explain the direction of the 
relation: did A actually cause B when something else (C) may 
have caused both A and B to happen? Or when the cause is due 
not only to B, but also to D, E and F? Or the fact that A happened 
after B could be down to sheer chance — something that is 
referred to as a spurious correlation.

Examples of post hoc ergo propter hoc can often be found in the 
news. For example, because it has been shown that vegans live 
longer than their meat-eating counterparts, some claim that a 
vegan diet causes people to live longer. Yet it is likely to be the 
case that vegans are more conscientious about their lifestyle 
choices, exercising more and smoking less, for example, and it 
could be this — that is, their conscientious approach to their 
personal health — rather than the absence of animal-based 
products in their diet that could lead to them having longer life 
expectancies.

Pharmaceutical applications
Avoiding post hoc ergo propter hoc is especially important when it 
comes to testing pharmaceutical products. If patients are given a 
new drug and then they recover, this does not necessarily mean 
that their recovery was due to the drug. It could be that they 
would have recovered anyway, or that in comparison to patients 

Lynda Dunlop is a lecturer in science education at the University 
of York. Joshua Stubbs is studying for a PhD in education at the 
University of York.

See the following sites for examples of spurious correlations, where 
you will see that in the USA, as per capita consumption of chicken 
increases, so does total crude oil imports, and that as the number of 
people who drown in swimming pools each year increases, so does 
power generated by power plants:

www.tylervigen.com/spurious-correlations 
www.correlated.org

Resources 
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Acids and their uses

 in pictures

Hydrochloric and 
hydrofluoric acid

                          

Hydrochloric acid is a strong, highly corrosive acid. 
It has many industrial and laboratory uses, such as 
producing polyvinyl chloride (PVC), leather processing, 
steel production, and the purification of table salt. 
Hydrochloric acid is also a component of gastric acid in 
the stomach, where it is used in digestion.

Hydrofluoric acid is a weak acid, albeit highly 
corrosive. Hydrofluoric acid dissolves glass and metals, 
so it has to be stored in plastic containers. Hydrofluoric 
acid is used for etching glass, industrial cleaning of 
metals and the manufacture of electronics. It is also 
used to synthesise fluorinated compounds such as 
Teflon and Prozac. 

Phosphoric acid

      

Phosphoric acid is a weak tribasic acid. This means 
that phosphoric acid can donate up to three protons 
per molecule.

The majority of phosphoric acid produced is used in 
the manufacture of fertilisers. Other uses include the 
production of activated carbon (which is used to clean 
sewage), as an acidifying agent in food (additive E338 
within the European Union), and in anti-rust treatment.

Sulfuric acid

      

Sulfuric acid is a strong dibasic acid. It is widely used in the chemical industry as 
a catalyst for reactions, such as esterification and nitration. As well as a catalyst, 
sulfuric acid is a reagent in many reactions, including the sulfonation of benzene 
(see below). Sulfuric acid is used in car batteries.

+ S

O

O O
SO3H

H2SO4

      

When sulfuric acid donates a proton, the resultant anion, hydrogensulfate, is 
stabilised by resonance, meaning that the negative charge is shared between 
more than one oxygen atom. The stability of this anion is what makes sulfuric acid 
a strong acid.

Nitric acid

      

Nitric acid is a strong acid, commonly used as an oxidant in the laboratory. It is 
also used in organic chemistry to introduce nitro (–NO2) functional groups into 
compounds. Nitro groups are important in the creation of many dyes, explosives and 
pharmaceuticals. The nitration of benzene to form nitrobenzene can be seen below: 

+
NO2

H2SO4 (catalyst) +N
OO

O

H O
HH

      

Nitric acid is also used to purify carbon nanotubes, and in mass spectrometry to 
analyse trace metals in solution.

16 Chemistry Review  April 2020

For further reading and practice exam questions about acids and pH, see these past issues of CHEMISTRY REVIEW:

‘Acids, bases, pH and buffers’, Vol. 14, No. 3, pp. 6–8.

‘Keep in Contact’, Vol. 15, No. 3, pp. 12–13 (contact 
process, yield, equilibrium, and uses of sulfuric acid).

‘Sulfuric acid’, Vol. 18, No. 4, pp. 11–13.

‘Acids, alkalis and pH’, Vol. 27, No. 1, pp. 24–27.

Online archive 

Mineral acids
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Use this poster to help you revise the applications of acids. Acids can be strong or weak. 
Strong acids are completely ionised in solution whereas weak acids are only partly ionised 
in solution. Some acids are organic, whereas mineral acids are inorganic acids

Citric acid

      

Citric acid gets its name because it is found in citrus fruits, such as 
oranges and lemons. It is a weak organic acid.

Citric acid is widely used to flavour and acidify foods. It was given 
the code E330 by the European Food Safety Authority, signifying it is 
safe and approved for use in foods within the EU. 

In the future, citric acid may also be used as an acidifying agent in 
the production of biodegradable bioplastics from waste milk. 

Lactic acid

      

Lactic acid is a waste product of anaerobic respiration. Ordinarily 
our cells respire aerobically (i.e. using oxygen). However, when the 
oxygen supply is low, anaerobic respiration takes place and lactic acid 
builds up in the muscles, causing stitches and cramps. 

Lactic acid is also produced by bacteria that live in our mouths, 
causing tooth decay. 

Medically, lactic acid is used to make Ringer’s lactate solution. 
This solution is used in fluid resuscitation in patients who have lost 
a lot of blood, and to wash eyes following chemical burns. Ringer’s 
lactate solution is listed on the World Health Organization’s list of 
essential medicines.

Carbonic acid

      

Carbonic acid is a weak acid, produced when carbon dioxide dissolves 
in water. Carbonic acid exists in equilibrium with water and aqueous 
carbon dioxide. Only a small proportion of dissolved carbon dioxide 
will react to form carbonic acid.

H2O + CO2  H2CO3  H+ + HCO3
–  2H+ + CO3

2–

Carbon dioxide emissions from burning fossil fuels have been 
dissolving in the sea, causing a drop in pH. This has led to the 
destruction of coral reefs and marine life. 

Fizzy drinks contain carbonic acid. The first carbonated drink was 
prepared by Joseph Priestley, who was both a clergyman and a 
chemist. Priestley never saw the potential for carbonated drinks and 
it was a few years later before they became commercialised. 

Carbonic acid is also responsible for limestone erosion and 
producing stalagmites and stalactites. 

Ethanoic acid

      

Ethanoic acid, also known as acetic acid, is found in vinegar. Wine 
that has turned sour contains ethanoic acid, due to the oxidation of 
ethanol by oxygen from the air.

Download this poster at 
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

Alex Bytheway and Connor Rutter are both studying chemistry 
at the University of York.
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Organic acids
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We take many things for granted in the Western world, 
not least safe water supplies. So when reports came 
out in 2015 of lead levels in water in the city of 

Flint, Michigan, of nearly 1000 times regulatory levels, there 
was widespread concern. The city had changed the source of 
its water supply, and was treating it at its own plants. Residents 
complained of rust-coloured water with high iron and lead 
levels, and alerts were issued about E.  coli  contamination. 
President Barack Obama declared a state of emergency.

This problem arose because the city’s water no longer 
contained phosphate ions (PO4

3–) as a corrosion inhibitor. 
Combined with high levels of chlorine (used to disinfect water, 
see CHEMISTRY REVIEW, Vol. 29, No. 2, pp. 10–13), this led to iron 
and lead dissolving from the walls of supply pipes. But why 
is a potentially toxic metal used to make pipes, and why is 
lead toxic?

Paint and pipes
For a heavy element, lead is relatively abundant. It is found in 
nature as a mixture of four isotopes with masses 204, 206, 207 
and 208. The three heaviest isotopes are the ultimate results of 
the decay of radioactive thorium and uranium atoms.

Lead has been mined for thousands of years, and is still in 
high demand today (see pp. 26–29). In the past, white lead 
(2PbCO3·Pb(OH)2) was used both in paint and cosmetics, as 
was red lead (Pb3O4). Lead chromate (PbCrO4) later came to be 
used as a yellow pigment.

The ancient Greeks and Romans knew that lead ores often 
contained significant amounts of silver (see CHEMISTRY REVIEW, 
Vol. 5, No. 5, pp. 2–7), but they also developed uses for lead 
and its compounds. The Romans found that this unreactive, 
malleable and flexible metal was ideal for making water pipes. 
They gave it the name plumbum (hence its symbol, Pb), which 
we can trace today in the French plomb as well as plumbing and 
plumb-lines, the latter an application that makes use of lead’s 
high density (11.4 g cm–3).

Its use spread to roofing for buildings, and in modern times 
lead has found many more applications, such as in radiation 
protection and in batteries (see CHEMISTRY REVIEW, Vol. 29, No. 3, 
pp. 23–27). It is easy to recycle lead from these processes.

Lead’s  
poisonous legacy

Simon Cotton

This article links to the following topics in the AQA, Edexcel, OCR, 
WJEC, CCEA, SQA and IB Diploma exam specifications:
• complexes and ligands
• stability constant and equilibrium, K
• toxicity of heavy metals

Exam links 

From plumbing to petrol — lead’s legacy lives on

Catalytic converter  A device incorporated into the exhaust 
system of a motor vehicle, containing a catalyst for converting 
pollutant gases into less harmful ones.

E. coli  Escherichia coli, a bacterium commonly found in the 
intestines, some strains of which can cause severe food poisoning.

Isotope  One of two or more atoms of the same element that have 
the same number of protons in their nucleus (i.e. they have the same 
atomic number) but different numbers of neutrons (i.e. they have 
different atomic masses).

Glossary 
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twice had to take sick leave from work as a consequence of his 
handling of TEL.

Scientists were later able to devise ways of improving fuel 
quality without the use of TEL. The further realisation that 
leaded petrol could be linked to brain damage among inner-city 
children saw lead-containing fuels begin to be banned around 
the world. In the 1960s, doctors began to notice that American 
children with elevated blood lead levels tended to have lower 
IQ scores, attention problems and antisocial tendencies. Boys 
who had the worst problems with aggressive and antisocial 
behaviour had been exposed to the highest levels of lead.

Widespread absorption
Unfortunately, lead is not totally unreactive. It dissolves very 
slightly in ‘soft’ water. In ‘hard’ water areas it does not dissolve, 
owing to the formation of a protective coating of PbCO3 on the 
surface of water pipes.

Another way in which the Romans introduced lead into the 
environment was through boiling grape juice (must) in lead 
pots, which created a sweet substance that they called defrutum 
or sapa. The Roman upper classes used this to sweeten their 
wine and food. The sweetness was caused by lead acetate, 
Pb(CH3COO)2, traditionally called ‘sugar of lead’. Historians 
debate whether the decline and fall of the Roman empire was 
caused by lead poisoning.

Basic lead carbonate, also known as white lead, was favoured 
by Queen Elizabeth I and many other women from the sixteenth 
to eighteenth centuries to make their skin appear paler. Another 
source of lead poisoning in the Middle Ages and beyond was 
through lead absorbed in drinks. In 1767, Dr George Baker 
tracked down the cause of certain cases of ‘colic’ (a disorder 
associated with stomach cramps) to the use of lead weights 
in the cider industry. The lead dissolved during production, 
poisoning the cider.

Ores and coins
Lead has a number of ores, notably galena (PbS) and cerussite 
(PbCO3), and these are often silver-rich. The Romans obtained 
silver for their coinage in this way, reducing the ore to a mixture 
of lead and silver, then oxidising the lead to PbO. A small 
amount of this was lost to the atmosphere, and currents of air 
could carry this PbO surprising distances, from the mines in 
Spain to as far away as Greenland. 

Pioneering analysis of ice cores from Greenland allowed 
measurement of lead entering the environment up to 10 000 
years into the past. Although Roman mining made a measurable 
contribution, concentrations of lead increased by a factor of 
at least 200 between 800 BC and 1969 AD. This was seen most 
notably after 1940 (highlighted in Figure 1) due to the use 
of lead alkyls in petrol (see CHEMISTRY REVIEW, Vol. 3, No. 5, 
pp. 20–24).

A toxic additive
The best known source of lead poisoning emerged in the 
twentieth century, with the use of tetraethyllead (TEL, 
(CH3CH2)4Pb) as an additive in motor fuels. As the internal 
combustion engine developed, more power was obtained 
through the use of higher compression ratios of the fuel–
air mixture in the engine before it was ignited by sparking. 
Early gasolines were prone to pre-igniting when compressed, 
causing loss of power and rough-running engines. Various 
additives were tested and tetraethyllead proved to be 
most effective. 

Although it contained a metal, TEL had a covalent molecular 
structure and was hydrocarbon-soluble, so it dissolved in 
petrol. It was a known poison, and there were a number of 
fatalities in the factories manufacturing it. The engineer who 
popularised its use, Thomas Midgley (see CHEMISTRY REVIEW, 
Vol. 15, No. 2, pp. 21–23), played down safety fears to the 
press, inhaling it and pouring it over his hands. Midgley 

Figure 1 Lead production throughout history
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A 1930s advert for the Ethyl Corporation, which 
made fuel additives incorporating tetraethyllead 
to improve engine performance
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Catalytic converters
It was only in the 1970s that the first serious moves were 
made to remove lead from petrol and to stop it being used 
in paint. Catalytic converters (see CHEMISTRY REVIEW, Vol. 20, 
No. 3, pp. 27–31 and the references therein) were introduced 
in American cars from 1975. These required unleaded petrol, 
otherwise the catalyst would be ‘poisoned’.

Japan phased out leaded petrol in 1986, followed by the USA 
in 1995 and the European Union in 2000. The USA banned the 
use of lead paints in new houses in 1978 (though restoring old 
buildings can create lead-containing dust). Subsequent studies 
showed that these steps were followed by sharp decreases in 
the levels of lead in the blood among the population, from 
an average of 16 µg dl–1 (i.e. 0.16 mg dm–3) in 1976 to 3 µg dl–1 
(30 µg dm–3) in 1991.

How lead poisons
Lead replaces other metals in the body, and only some of its 
effects are currently understood. One is in the production of 
haem, the iron–porphyrin complex essential in haemoproteins 

— especially haemoglobin, the blood’s oxygen carrier (see 
CHEMISTRY REVIEW, Vol. 25, No. 4, pp. 16–22). Lead inhibits 
the zinc-containing enzyme delta-aminolevulinate dehydratase 
(ALAD) that is essential for one step in the body’s synthesis of 
haem. Lead is also believed to affect parts of the nervous system, 
probably by replacing calcium.

Scientists have obtained evidence that lead affects children 
in particular, as the developing body, including the nervous 
system, is more likely to take up the metal. One striking 
piece of evidence is that plotting blood lead levels produces 
graphs that are paralleled 20 years later on by graphs of crime 
figures, including homicide (Figure 2). This could explain a 
sharp drop in American crime rates from about 1990. Similar 
correlations have been found in other countries, including 
New Zealand, West Germany, Italy and the UK.

A study monitoring children born in the US city of Cincinnati 
between 1979 and 1984 showed that childhood lead exposure 
correlated with a significant loss of grey matter in the adult 
brain (Figure 3). It is thought that this would affect functions 
like judgement, impulse control and realisation of consequences 
of actions, making that person more likely to offend. Similar 
correlations linking childhood lead exposure with crime in 
adulthood have been reported in other countries, including 
Australia.

Getting rid of lead
Lead can be removed from the body using the complexing agent 
EDTA4– (ethylenediaminetetraacetate, see CHEMISTRY REVIEW, 
Vol. 27, No. 2, pp. 6–9), by adding the complex Na2CaEDTA 
(Box 1). Lead forms a much stronger EDTA complex than 
calcium does. Looking at the stability constants (K, see Box 2) 
for the calcium complex (K1), log K1 = 10.7. For the lead complex 
(K2), log K2 = 18.0. Thus for the equilibrium

Pb2+(aq) + [Ca(EDTA)]2–(aq)  Ca2+(aq) + [Pb(EDTA)]2–(aq)

1 a Draw the structure of tetraethyllead, Pb(CH2CH3)4.
  b What shape will it adopt? (2 marks)
2 A sample of lead has the following isotopic composition:
204Pb 1.50%, 206Pb 24.00%, 207Pb 22.00%, 208Pb 52.50%
Calculate the relative atomic mass 
of this lead sample using the 
isotope masses in Table 1. Give 
your answer to five significant 
figures. (2 marks)

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

Practice exam questions Practice exam questions

Source: Chem. Eng. News

Figure 2 Concentration of lead in American children’s blood, plotted against violent crime rates in the USA 23 years later
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Online archive 

Table 1

Isotope Atomic mass
204Pb 203.97
206Pb 205.97
207Pb 206.98
208Pb 207.98
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the equilibrium constant can be calculated as follows:

K = 
K2

K1

 

As we are using logs, that would mean:

log K = log K2 – log K1

 ■ So log K = 18 – 10.7 = 7.3
 ■ Therefore K = 19 952 623.15 ≈ 20 000 000 or 2 × 107

 ■ As K ~ 2 × 107 the equilibrium lies well to the right, favouring 
the removal of lead ions from the solution.

Like many heavy metals, lead is toxic once it gets into 
the human body. We now know much more about why it 
is poisonous than the ancient Romans did, and can exploit 
chemical principles to remove it.

Box 1 Complexes and ligands

A complex (or complex ion) consists of a metal atom or ion 
surrounded by ligands, bound to it by dative bonds. A dative bond is 
a covalent bond in which both electrons come from the same (donor) 
atom (dative bonds are also known as coordinate or semipolar 
bonds). A ligand is an atom, ion or molecule that donates a pair of 
electrons to the central metal atom or ion, so forming a dative bond.

A monodentate ligand binds to the central metal through only one 
donor atom. A bidentate ligand binds through two donor atoms 
(bidentate means ‘two teeth’). Multidentate describes a ligand that 
binds through two or more donor atoms. Multidentate ligands form 
more stable complexes than monodentate ligands — this is known as 
the chelate effect. This name describes the way that ligands forming 
bonds to a metal in more than one position hold the metal rather like 
the claws of a crab (khele is the Greek word for claw).

Box 2 Stability constant, K

An equilibrium exists when forward and reverse reactions occur at 
equal rates, so that there is no overall change in the concentration of 
the reactants or products. The ratio of the reactants and products at 
equilibrium can be expressed as an equilibrium constant (Kc). For the 
reaction:

aA + bB  cC + dD

the equilibrium constant Kc is:

Kc = 
[C]c[D]d

[A]a[B]b

Note that the subscript c in the term Kc shows that concentrations 
were used to calculate the equilibrium constant.

The stability constant is the name given to an equilibrium constant 
for the formation of a complex species in solution. The greater the 
value of the constant, the more stable the complex. For the formation 
of a lead complex of EDTA, [Pb(EDTA)]2–:

[Pb(H2O)n]2+(aq) + EDTA4–(aq)  [Pb(EDTA)]2–(aq) + nH2O(l)

Kc = 
[Pb(EDTA)2–]

[Pb(H2O)n
2+] × [EDTA4–]

 

Here we are taking the concentration of water molecules as 
constant, so it does not appear in the calculation. For more details 
see CHEMISTRY REVIEW, Vol. 25, No. 4, p. 18.

Simon Cotton taught chemistry in schools for over 30 years 
and is currently an honorary senior lecturer in chemistry at 
the University of Birmingham. He has written several general-
interest chemistry books.

Figure 3 The red and yellow regions highlighted in these adult 
brain scans show a significant loss of grey matter, which is 
associated with childhood lead exposure

• Lead is a relatively abundant heavy element, found as a mixture 
of four isotopes with masses 204, 206, 207 and 208. It is the final 
product of the radioactive decay of thorium and uranium.
• Lead has been mined for thousands of years. It has applications in 
roofing, batteries and radiation protection.
• Lead is poisonous, as it replaces other metals in the body.
• There are now restrictions on the use of lead. Previously it was 
used in water pipes, cosmetics, paints and petrol additives. 
• Lead poisoning can be treated using EDTA4– as a complexing agent 
to safely remove lead ions from the body.

Key points 
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Sugar has been used to sweeten food for millennia, but 
today it is increasingly associated with obesity and ill 
health, as too much dietary sugar can lead to serious 

consequences. Such a serious risk to public health has become 
an issue for society, justifying action by governments and public 
agencies to discourage overconsumption.

Sugars (e.g. glucose, fructose and sucrose) are found in 
abundance in nature, for example in sugar cane, sugar beet, 
corn syrup and fruit. They are colourless, crystalline solids that 
are soluble in water and usually have a sweet taste.

Carbohydrates
Carbohydrates are the most abundant class of organic 
compounds found in living organisms. The generic name, 
carbohydrate, arises from the molecular formula of this class 
of compounds: Cx (H2O)y. Carbohydrates may be subdivided 

broadly into two groups: sugars and non-sugars. Sugars are the 
simplest carbohydrates: they are crystalline and soluble in water. 
In contrast, non-sugars are amorphous solids that are insoluble 
in water, e.g. starch and cellulose.

Carbohydrates are produced by photosynthesis (see CHEMISTRY 
REVIEW, Vol. 28, No. 1, pp. 31–33 and the references therein). 
Photosynthesis is a process performed by green plants (and some 
bacteria) in which atmospheric carbon dioxide is combined with 
water, using energy from sunlight, to produce carbohydrate and 
oxygen. Typically the process is written as: 

6CO2 + 6H2O → C6H12O6 + 6O2

Monosaccharides

Monosaccharides are the simplest carbohydrates. These simple 
sugars have the empirical formula CnH2nOn, where n can be 
between 3 and 9. Glucose and fructose (Figure 1) are examples 
of hexoses, i.e. six-carbon monosaccharides. Glucose is an aldose 
sugar (i.e. in its linear form it contains an aldehyde group), 
whereas fructose is a ketose sugar (its linear form is a ketone). 
Glucose is the most abundant monosaccharide and fructose is 
also ubiquitous in nature, being present in ripe fruit.

D-glucose is just one of 16 possible stereoisomers of the 
(linear) aldohexoses, whereas there are only eight stereoisomers 
of the ketohexoses (of which D-fructose is the most common 

Sugar
A bittersweet tale?

 substances

This ‘Substances’ links to the following A-level exam topics:
• human health issues and sugar
• carbohydrates
• isomers, monomers and polymers
• sugars
• glycoside link

Exam links 
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Figure 1 Glucose and fructose are both hexose sugars. In solution, they can exist both as linear forms and as cyclic molecules

Humans have developed a strong liking for sugary foods. As a result of overconsumption, 
obesity has become a major health issue, leading to serious conditions such as diabetes
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Mammals cannot metabolise cellulose, which is another 
example of a glucose polymer. Even though cellulose is not easily 
digestible, it still makes up an an important dietary element for 
humans, dietary fibre, which aids our digestive process.

The body uses glucose that is obtained from carbohydrates 
in food directly for energy or converts it to glycogen or fat and 
stores it for future use. Therein lies the problem: if the intake of 
carbohydrate is too high and the sugar is not ‘burned’ through 
exercise, then fats build up in the tissues of the body, especially 
those around the waist and in the buttocks, leading to obesity.

Diabetes
Type 1 diabetes, which accounts for about 5% to 10% of all cases 
of diabetes, is not linked to obesity. It is a condition of genetic 
origin, resulting in the body being unable to produce insulin. 
However, excessive intake of sugar can lead to type 2 diabetes. 
Over 90% of people living with type 2 diabetes are overweight, 

example). When the sugars are in a cyclic configuration, they 
gain an extra chiral centre (formed from the carbonyl carbon, the 
one that was linked to an oxygen atom by a double bond). The 
two possible configurations of the groups on this carbon give 
rise to a pair of forms, labelled α and β.

Disaccharides
A disaccharide is a sugar formed by a condensation reaction 
between two monosaccharides (which may be the same 
or different), e.g. sucrose (C12H22O11) is made from glucose 
and fructose. Lactose is another widely occurring natural 
disaccharide, with the molecular formula C12H22O11 (Figure 2). 
Sucrose is commonly found in plants, whereas lactose is present 
in small concentrations in blood plasma and in the milk of 
mammals. Lactose contains a glucose and a galactose residue.

Sucrose, commonly used as table sugar, is naturally 
abundant. It is found in plants and in honey, which is derived 
by bees from plant material (see CHEMISTRY REVIEW, Vol. 28, No. 
1, pp. 6–10). Sucrose crystallises readily from aqueous solution. 
Commercially, sucrose is obtained and refined from the stem 
of sugar cane grown in tropical climates, or from the root of the 
sugar beet cultivated in temperate parts of the world, such as 
northern Europe (see CHEMISTRY REVIEW, Vol. 11, No. 3, pp. 28–31).

Human nutrition
Carbohydrates are an extremely important energy source for 
humans and other living organisms. However, they are not an 
essential component of our diet because we are also able to 
obtain energy requirements from proteins and fats.

Starch is a polysaccharide. It is a polymer made of glucose 
residues, which form long coiled molecules, called amylose, and 
branched polymers, called amylopectin (see CHEMISTRY REVIEW, 
Vol.  24, No. 1, pp. 24–27). Many organisms can easily break 
down starch into glucose to yield energy. 

Condensation reaction  The combining of two molecules with the 
loss of a small molecule, e.g. water.

Chiral centre  An atom that is bonded to four different atoms (or 
groups of atoms). The resulting molecule is not superimposable on 
its mirror image.

Glycogen  A highly branched polysaccharide consisting of glucose 
units. Glycogen is stored in the liver and muscles and can easily be 
hydrolysed to glucose.

Hormone  A chemical substance that acts as a messenger molecule 
in multicellular organisms. In mammals, many hormones are 
released into the blood. Once they reach their target organs they 
bind to specific receptors, which leads to a response.

Hydrolyse  Hydrolysis is a reaction in which a water molecule, or an ion 
derived from it (OH–, H+), converts a molecule into two smaller ones.

Polysaccharide  A carbohydrate polymer comprising long chains of 
simple sugars.

Stereoisomers  Molecules that have the same molecular formula 
and functional groups but have the groups arranged differently in 
space. One form of stereoisomerism is optical isomerism or chirality 
(where mirror image versions of a molecule cannot be superimposed 
upon each other).

Glossary 
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Figure 2 Sucrose and lactose are both disaccharides

Harvesting sugar cane
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which places added strain on the body’s ability to effectively use 
the insulin it produces.

Insulin is a hormone made in the pancreas, which allows the 
body to control the level of glucose in the bloodstream, making 
sure it is neither too high nor too low (see CHEMISTRY REVIEW, 
Vol. 1, No. 1, pp. 16–17 and Vol. 19, No. 4, pp. 26–30). People 
with type 1 diabetes and some people with type 2 diabetes need 
to take insulin to control their blood glucose levels.

An excess of glucose can be fatal to diabetic patients, but 
another sugar, fructose, can lead to problems such as insulin 
resistance and liver disease.

Corn syrup concerns
Corn syrup became readily available as a sweetener in the 1970s 
and was promoted as an alternative to sucrose in foods. Corn 
syrup contains a lot of fructose, a monosaccharide that tastes 
sweeter than sucrose.

There is an important difference between these sugars. 
Glucose, which is released when sucrose is hydrolysed, is easily 
transported and utilised by every cell in the body. It is a major 
fuel source for high-intensity exercise. However, fructose needs 
to be converted by the liver to fat or glycogen before it can be 
used as fuel. The intake of corn syrup adds unnatural amounts 
of fructose to our diet and the human body has not evolved to 
metabolise fructose as efficiently as glucose.

By contrast, we can properly digest other sugars from fruits, 
vegetables and cereals, which also contain fibre and antioxidants 
that contribute to a balanced, healthy diet. Table 1 shows the 
sugar content of some common plant foods.

Cut the sugar
In 2018 the UK government embarked upon an ambitious 
programme to reduce the amount of sugar in foods that 
contribute most to the dietary intake of children and young 
people, by 5% in 2019 and by 20% in 2020. The focus was on 
added sugars, sugars present in fruit and vegetable juices, sugars 
in purées and pastes and sugars in drinks, with a soft drinks levy 
(‘sugar tax’) being key to meeting the target. Sugars naturally 
present in milk and dairy products, in fresh fruit and vegetables, 
and in cereal grains, nuts and seeds, are not included.

In August 2019 Graham MacGregor, professor of 
cardiovascular medicine at Queen Mary College, University of 
London, reported that:

‘ The [soft drinks] levy has been remarkable and unique in that 
it allows for significant product reformulation by manufacturers 
in order to avoid paying the levy. This has already resulted in 
a much bigger reduction of sugar content of drinks in the UK 
than originally anticipated, as well as ring fencing £340 million 
of income directly from manufacturers, not the public, to spend 
on improving children’s health. ’We can all help ourselves to stay healthy by decreasing our 

sugar intake as part of a balanced diet.

Table 1 Sugar content of common plant foods (g per 100 g)

Food item
Total carbohydrate, 

including dietary fibre Total sugars Free fructose Free glucose Sucrose

Apple 13.8 10.4 5.9 2.4 2.1

Apricot 11.1 9.2 0.9 2.4 5.9

Banana 22.8 12.2 4.9 5.0 2.4

Carrot 9.6 4.7 0.6 0.6 3.6

Grapes 18.1 15.5 8.1 7.2 0.2

Orange 12.5 8.5 2.6 2.0 4.3

Pear 15.5 9.8 6.2 2.8 0.8

Pineapple 13.1 9.9 2.1 1.7 6.0

Plum 11.4 9.9 3.1 5.1 1.6

Sugar cane 23–32 12–18 0.2–1.0 0.2–1.0 11–16

Sweet corn 19.0 6.2 1.9 3.4 0.9

Sweet potato 20.1 4.2 0.7 1.0 2.5

Jeffrey Deakin is a science author, and taught chemistry and 
physics. He is a member of the Curriculum and Assessment 
Working Group at the Royal Society of Chemistry.

• Sugars are carbohydrates, the most abundant class of biological 
molecules.
• Sucrose (table sugar) is refined from the stem of sugar cane and 
from the root of the sugar beet.
• Sucrose is a disaccharide sugar, formed by a condensation reaction 
between glucose and fructose.
• Excessive sugar in the diet can lead to health problems, such as 
obesity and type 2 diabetes.

Key points 

Sugar can be 
extracted from the 
root of the sugar beet
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Across
 1 To break down long-chain hydrocarbon molecules, e.g. in 

oil-refining, or a fracture in a solid. (5) 
 4 Chemical symbol for the rare metallic element with atomic 

number 45. (2)
 8 ______ Rutherford (1871–1937). The ‘father of nuclear 

physics’. Awarded the 1908 Nobel prize in chemistry. (6)
 9 ________ acid from which ergoline alkaloids are derived. 

(8) 
 10 Dense metallic element associated with car batteries and 

found at the end of the uranium series radioactive decay 
chain (see pp. 18–21 and pp. 26–29). (4)

 12 Charged particle. (3)
 13 Ostwald’s ______ of indicators: that all indicators are either 

weak acids or weak bases. (6)
 16 Chemical symbol for the lanthanide element that is used in 

MRI contrast agents. (2)
 17 Prefix from Greek meaning ‘long’ or ‘large’. Hence _____ 

molecule is used to describe a very large molecule. (5)
 20 Unusually dry conditions that affect the biochemical 

requirements for plant growth. (5)
 23 Chemical symbol for the lanthanide element (atomic 

number 68) used (as the oxide) to tint glass pink. (2)
 25 Type of fossil fuel containing a mixture of hydrocarbon 

chains with, typically, between nine and 25 carbon atoms 
per molecule. (6)

 28 Abbreviation for the unit of 22 Down. (3)
 29 Prefix meaning one tenth. (4)
 30 Charles ________ (1800–60). American chemist and 

engineer who heated rubber with sulfur and discovered 
vulcanisation (anagram: A GOOD RYE). (8)

 31 Introduce air by mixing or dissolving in a liquid (or other 
substance). (6) 

 33 Chemical symbol for the abundant metallic element (atomic 
number 11) used as a heat exchanger in some nuclear 
reactors. (2)

 34 Rosalind _____ Franklin (1920–58). English chemist and 
X-ray crystallographer whose work on the structure of DNA 
was crucial to deducing that it forms a double helix. (5)

Down
 1 Chemical element (atomic number 20), the oxide of which 

was used, even by ancient civilisations, to make mortar. (7)
 2 Poisonous semi-metal, used as a doping agent in 

semi-conductors. (7)
 3 Uneven land features produced by the action of acidic water 

on limestone. (5)
 5 Metric prefix denoting ‘× 100’. (5)
 6 Investigate or assay substances. (7) 

Chemical 
crossword

 7 Chemical symbol for the densest metallic element (atomic 
number 76), which, alloyed with others, is extremely hard 
and resistant to corrosion. (2)

 11 Prefix from Greek meaning ‘against’. (4)
 14 Chemical symbol of the volatile and toxic metallic element 

found (as the sulfide) as the bright red pigment cinnabar. 
(2)

 15 Crystal boundaries that greatly determine the properties of 
materials. (5)

 18 Distressing disorder of the oil-secreting glands of the skin, 
causing spots and inflamed areas. Sometimes treated with 
preparations containing benzoyl peroxide. (4)

 19 Reactive molecule or atom possessing an unpaired electron. 
(7)

 21 Missiles propelled using an on-board oxidiser, e.g. liquid 
oxygen. (7)

 22 Unit of energy in the c.g.s. system that is equal to 
4.184 joules. (7)

 24 Chemical symbol for the high melting point metallic element 
used as a catalyst and in molybdenum- and tungsten-based 
alloys. Found between tungsten and 7 Down in the periodic 
table. (2)

 26 Manfred _____ (1927–2019) studied extremely fast chemical 
reactions. Awarded the 1967 Nobel prize in chemistry. (5)

 27 Oliver Joseph _____ (1851–1940). Although knighted for his 
work on short radio waves, he was a high-profile champion 
of the early theories of atomic structure by 8 Across. (5)

 32 Chemical symbol for the artificially produced metallic 
element named after the scientist famous for his work on 
relativity. (2)

Rearrange the 12 highlighted squares into six two-lettered 
chemical symbols for the noble gases.

Solution on p. 29

 making and doing

1 2 433 645 7 55

33 8

9 5 55

10 11

12 151413 5

16 5

1817 19 204 2221

1 23 424

25 26 427 28

29

11 2 303

3231

33 344

Peter Wade-Wright
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Lead has a wide range of uses (Figure 1). Over 80% of all 
lead produced ends up in lead–acid batteries (see CHEMISTRY 
REVIEW, Vol. 29, No. 3, pp. 23–27). These batteries use 

lead metal as the cathode and lead(IV) oxide as the anode. In 
addition to starter batteries for road vehicles, these are also used 

as backup power (for example for computers and telephone 
systems) and for energy storage in remote power applications.

The remaining 20% of lead produced is used in a variety of 
applications:

 ■ radiation screening, either as metal sheet (when using X-ray 
and other powerful radiation equipment) or as lead compounds 
in glass to protect from radiation (as in television tubes and in 
medical equipment)

 ■ as lead compounds added to poly(chloroethene) (polyvinyl 
chloride, PVC) as a stabiliser (where durability is important)

 ■ in roofing (for example, for flashings on roofs)
 ■ pipes and lining of vessels in chemical plants (lead is no 

longer used for domestic water pipes)
 ■ protection of underground or underwater power cables

Lead is also used in a variety of alloys with steel, brass 
and aluminium (to improve machinability) and with tin for 
soldering.

Manufacture of lead
Under half of the world’s refined lead comes from lead ore, with 
the rest coming from secondary (scrap) lead sources. China and 
Australia have the largest amounts of lead ores and are also the 
largest primary producers of the metal (Table 1). Canada, the 
USA and Peru have smaller but significant amounts of the ores.

The most important lead ore is galena (PbS). Other important 
ores, such as cerrusite (PbCO3) and anglesite (PbSO4), may be 
regarded as weathered products of galena and are usually found 
nearer the surface.

The primary manufacture of lead involves three stages:
 ■ ore concentration
 ■ smelting
 ■ refining

Lead
Lead is extracted from its ore by reduction with carbon. 
Considerable effort has to be made to separate the lead 
ore from zinc ores.  In recent years, lead has become 
one of the most highly recycled materials in general use. 
However, millions of tonnes of primary lead (i.e. not 
from recycled materials) are also produced each year

 focus on industry

This ‘Focus on industry’ is relevant to the following A-level topics:
• lead production
• redox reactions
• uses of metals
• industrial processes
• recycling
• alloys

Exam links 

Figure 1 Uses of lead

Batteries
80%

Lead compounds 9%

Building industry 5%

Protection sheathing 
3%

Others 3%

Modern uses of lead 
include radiation screening
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limestone. The coke is added for two purposes, one as the 
reducing agent and the other as a source of heat when it reacts 
with the air, which, as in the manufacture of iron, is pumped 
into the furnace.

Into the furnace
The limestone provides material for the flux containing the 
impurities (the slag). The mixture is fed into the top of the blast 
furnace, and the lead(II) oxide is reduced to molten lead. Carbon 
and carbon monoxide, produced from the coke, are the reducing 
agents:

PbO(s) + C(s) → Pb(I) + CO(g) 
PbO(s) + CO(s) → Pb(I) + CO2(g)

The molten lead is tapped off from the base of the furnace 
and either cast into, typically, 4-tonne ingots or put into a holding 
kettle, which keeps the metal molten for the refining process.

The product contains about 99.5% lead, the remaining 0.5% 
being mostly antimony and silver, with smaller amounts of 
other metals, including gold. Because it contains silver and gold 
at this stage, the lead is referred to as bullion lead. 

The fluxes form a molten slag of metal oxides and silicates, 
which floats on top. The slag contains much of the zinc 
remaining in the ore and is treated later to produce metallic zinc.

Smelting can also be done using a lance through which oil 
and oxygen-enriched air pass at high speed, forming turbulent 
conditions. There are several such processes, operating under 
names such as ISASMELT, Ausmelt and SiroSmelt. The one-
stage ISASMELT process is discussed at the end of this ‘Focus 
on industry’.

Ore concentration
Lead and zinc ores (usually sphalerite, ZnS) often occur together 
and may also contain silver, copper and gold.  The ore has first 
to be separated from clays and other silicates (‘gangue’), after 
which the lead ore and the zinc ore are separated.

The process used is froth flotation (see CHEMISTRY REVIEW, 
Vol. 7, No. 4, pp. 24–28), a succession of stages each delivering a 
greater concentration of the lead ore. The ore containing gangue 
(which typically contains 3–8% lead) is ground with water to 
a particle size similar to that of fine sand (<0.25 mm). This is 
then mixed with water and a frothing agent (a detergent) and is 
violently agitated by air to form a fine suspension with a froth 
of bubbles on the top. The process is carried out in a series of 
tanks. As the lead and zinc minerals are less readily wetted than 
the gangue, they adhere to the air bubbles, which are carried to 
the surface. The rock particles sink and the lead and zinc ores 
are skimmed off.

Then the lead ore is separated from the zinc ore. A chemical 
called a depressant is added, which is soluble in water (for 
example, zinc sulfate). The zinc ore sinks and the lead ore is 
skimmed off. Later, a chemical such as copper(II) sulfate is added 
and the zinc ore now floats and is skimmed off.

The lead ore concentrate from the flotation tanks contains 
about 50% lead and about 0.1% silver, a relatively small but 
valuable amount.

Smelting
Smelting is usually a two-stage process as described here, 
although single-stage methods with lower energy use and 
emissions are also used. After mixing with limestone, the 
filtered concentrated ore is roasted in air or oxygen-enriched 
air on a moving belt. Most of the lead sulfide is converted to 
lead(II) oxide:

2PbS(s) + 3O2(g) → 2PbO(s) + 2SO2(g)

Sulfur dioxide gas can then be cleaned and used to make 
sulfuric acid via the contact process (see CHEMISTRY REVIEW, 
Vol. 23, No. 2, pp. 23–27).

The lead(II) oxide is heated and made into lumps, a process 
known as sintering. The lumps (the sinter) are crushed and sorted 
to a suitable size for subsequent treatment in a blast furnace, 
similar in construction to those used for making iron (see 
CHEMISTRY REVIEW, Vol. 29, No. 2, pp. 28–31) but smaller.

The graded sinter (each lump about the size of a fist) 
is mixed with approximately 7% of its mass in coke and 

Table 1 Annual primary lead production from ore

World 4.4 million tonnes

China 2.1 million tonnes

Australia 450 000 tonnes

Peru 300 000 tonnes

USA 260 000 tonnes

Mexico 240 000 tonnes

Russia 200 000 tonnes

India 170 000 tonnes
Source: US Geological Survey, Mineral Commodity Summaries (2019)

An ancient lead pipe
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Table 2 Annual secondary lead production from recycled material

World 5.8 million tonnes

China 1.46 million tonnes

USA 1.11 million tonnes

India 341 000 tonnes

Germany 290 000 tonnes

Mexico 205 000 tonnes

Brazil 188 000 tonnes

UK 155 000 tonnes
Source: International Lead Association (2012)

Refining

The bullion lead is heated to just above its melting point. 
Solid copper and copper sulfide rise to the surface and are 
skimmed off. Arsenic is then removed by stirring the lead with 
an air blast and skimming off the resulting slag, which contains 
arsenic oxides.

Silver is removed by a technique known as the Parkes process. 
Approximately 2% zinc is added to the lead and a silver-rich zinc 
crust forms and is removed. More zinc is then added at 740 K, 
and the bath is cooled to just above its melting point (which is 
693 K). During cooling, a solid silver/zinc crust separates, rises 
to the surface and is removed continuously.

The Parkes process depends on the following:
 ■ Lead and zinc are almost immiscible just above their melting 

points.
 ■ Silver is much more soluble in zinc than in lead.
 ■ Silver/zinc alloys have higher melting points than pure zinc.

At 863 K, zinc is removed by transferring the lead to a dezincing 
kettle. At this stage the desilvered lead contains about 0.6% 
zinc and 0.0004% silver. Dezincing is carried out by vacuum 
distillation (a separation technique in which reduced pressure 
is used to lower the boiling points of the liquids) at 860 K when 
the zinc vaporises.

Finally, all traces of antimony and zinc are removed by 
mixing sodium hydroxide into molten lead at 760 K (its melting 
point is 600 K). The resulting sodium zincate and antimonate 
form a skin on the surface of the molten lead, which is skimmed 
off. The refined lead is of 99.99% purity.

Secondary production
Globally, over 50% of the lead used annually comes from 
recycled sources (Table 2). Most of the lead used in the USA is 
from recycled metal.

Lead for recycling may be in the form of scrap metal 
(roofing sheet, for example), or compounds of lead, such as 
the pastes from lead–acid batteries. Clean metallic lead can be 
melted and refined directly, but compounds and lead alloys 
require smelting, using processes similar to those used with 
lead ores.

Two-stage process
In the two-stage process for secondary production, smaller 
rotary or reverberatory furnaces (Figure 2) are used rather than 
larger blast furnaces, as this gives better control of the quality 
of the lead. Rotary furnaces can accept lead in almost any form 
and can make use of many different carbon sources (natural gas, 
oil and coke) for reduction.

The first stage uses very little reducing agent and once the 
furnace is heated any metallic lead melts and can be tapped off 
after a few hours. This will have a high purity, as other materials, 
including lead compounds, remain in the slag. Further scrap 
is added and the process is repeated until sufficient slag has 
accumulated for the second stage.

Lead is used in roofing to guard 
against infiltration by rainwater
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Allan Clements, Mike Dunn, Valmai Firth, 
Lizzie Hubbard, John Lazonby and David 
Waddington. This article is adapted from  
www.essentialchemicalindustry.org, a resource 
on industrial processes/products for post-16 
chemistry students. It is published by the CIEC, 
Department of Chemistry, University of York, www.ciec.org.ukwww.ciec.org.uk

Figure 2 A rotary furnace, used here in the secondary production 
of lead
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Figure 3 The production of secondary lead using the ISASMELT 
process
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One-stage process

The ISASMELT process (Figure 3) is an example of one of the 
most modern methods of secondary lead production in which 
a one-stage process is used, particularly for processing the paste 
from batteries. This is fed into a furnace and melted using a 
lance through which a mixture of oil and oxygen-enriched 
air is  fed. It is more economical to use oxygen-enriched air, 
rather than air, as this increases the reaction rates, meaning 
that smaller chemical plants can be used, leading to a reduction 
in fuel costs. Additionally, it makes it easier to ensure that no 
gases such as sulfur dioxide are lost, which would pollute the 
atmosphere. Oxygen plants are constructed on the site.

For 36 hours, more paste, together with coal as a reducing 
agent, is fed into the furnace at about 1250 K. Lead with a purity 
of 99.9% is tapped off every few hours. Later, fluxes are added 
and the temperature is raised to 1500 K. This reduces the slag, 
which again results in antimonial lead.

The ISASMELT process (which can also be used for primary 
lead production) has higher thermal efficiency than older 
methods of production, and the remaining waste slag has a 
lower residual lead content.

In spite of concerns over the toxicity of lead (see pp. 18–21), 
it remains a versatile and useful metal.

The second stage involves the reduction of the slag using a 
carbon-based reducing agent. Sodium carbonate (‘soda ash’) or 
calcium carbonate is also added as a flux to help form the slag 
of impurities. Lead oxides, lead sulfate and any antimony oxides 
are reduced, and the result is antimonial lead, which may also 
contain some bismuth and silver. The antimony (2–5%) gives 
the lead greater strength.
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In the summer of 2019 I was one of a group of six chemistry 
undergraduates from the University of York who attended 
a 2-week immersion programme at Sichuan University in 

Chengdu, China. Sichuan (formerly spelled Szechuan) is famous 
for its cuisine — I have developed quite a taste for its intense 
flavours and hot spices, derived from a potent combination of 
powerful chillies and Sichuan pepper.

The journey began with a long flight involving two airport 
transfers. I was greeted by a Chinese student at the airport. 
Each of us had been assigned to one of several volunteer 

chemistry students from Sichuan University who were looking 
to improve their English. They were our guides throughout our 
stay in Chengdu, and their support helped make the visit an 
amazing experience.

Supramolecular chemistry
For the first week, we attended a chemistry lecture course 
on supramolecular chemistry every morning. Supramolecular 
chemistry is the study of organised assemblies of molecules 
and the intermolecular forces (bonds) between them. The guest 

Chemistry in China
 encounter

A visit to Sichuan University provided Lawrence Henry with experience of 
supramolecular chemistry, panda conservation and DNA analysis
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lecturer was Juyoung Yoon, from the Department of Chemistry 
at Ewha Woman’s University in South Korea. He discussed the 
work of the advisor to his postdoctoral research project, Professor 
Donald J. Cram. For his research, Cram was jointly awarded the 
Nobel prize for Chemistry in 1987, for ‘developments into the 
use of molecules with structure-specific interactions of high 
selectivity’. This work laid the foundations of supramolecular 
research, which has since progressed towards synthesising 
compounds with enzymatic specificity and activity.

Giant pandas
Having successfully passed the test on supramolecular 
chemistry, we were able to enjoy the weekend as tourists. The 
Sichuan area and Chengdu are famous for their giant pandas. 
We visited the Chengdu Research Base of Giant Panda Breeding, 
which has the largest number of captive breeding pandas in 
the world. However, apart from the original six pandas they 
rescued in 1980, the organisation has never captured a panda 
from the wild.

The pandas were slow-moving yet remarkable. With just 
under 1900 giant pandas living in the wild, they are no longer 
classed as endangered. They are now classified as having vulnerable 
status and are becoming a conservation success story. To prevent 
further destruction of their habitat in southeast China, over 65 
protected areas of giant panda habitat have been created.

DNA analysis
The second week was spent in the laboratory in the analytical 
department, to gain an insight into the research that the Sichuan 
chemistry department undertakes. The first day involved using 
UV-visible absorbance (see CHEMISTRY REVIEW, Vol. 28, No. 3, p. 5) 
to detect the approximate concentration of DNA in an unknown 
solution, and test for protein contaminants. DNA absorbs light 
at 260 nm, as does RNA. The ratio of absorbance at 260:280 nm 
from the sample will approximately show the purity of the 
nucleotide present.

RNA possesses a higher 260:280 absorbance ratio than DNA. 
This is due to the presence of uracil in RNA, which absorbs light 
over three times more effectively at 260 nm compared with 
thymine, the alternative base present in DNA (see CHEMISTRY 
REVIEW, Vol. 28, No. 2, pp. 30–33). The absorbance ratio of 
the sample depends on the nucleic acids present. The ratios 
of pure DNA and RNA are approximately equal to 1.8 and 2.0 
respectively. Many proteins absorb light at 280 nm, therefore an 
impure sample will possess an absorbance ratio significantly 
less than 2.0 or 1.8.
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Figure 1 The structure of a G-quartet, showing the hydrogen 
bonding between the four guanine bases

G-quadruplexes
A type of secondary DNA structure called a G-quadruplex was the 
subject of our next piece of laboratory work. Oligonucleotides 
with three to four adjacent guanine bases in succession will 
spontaneously form a type of secondary DNA structure called a 
G-quadruplex. A G-quadruplex is composed of multiple stacked 
G-quartets (Figure 1), which consist of four guanine bases 
in a square planar structure. G-quartets are stabilised by the 
interactions of Hoogsteen hydrogen bonding, a form of hydrogen 
bonding that gives rise to a base pairing with a differing 
conformation to the Watson and Crick base pairs.

The G-quartets can be stacked through intramolecular 
interactions between guanine bases on the same nucleic strand. 
The stacking of G-quartets can also occur through intermolecular 
interactions between guanine bases on different nucleic strands 

Oligonucleotide  A length of nucleic acid (DNA or RNA), with just 
a few nucleotides. Nucleotides are the building blocks of nucleic 
acids, consisting of a nitrogen-containing purine or pyrimidine base, 
a pentose sugar and a phosphate group.

π orbitals  π (pi) orbitals are hybrid orbitals between p orbitals. 
They are formed when the p orbitals overlap above and below the 
plane of the molecule. An orbital represents a certain region of 
space around an atomic nucleus in which an electron can be found. 
An orbital can hold a maximum of two electrons.

Glossary 

A mother panda and her cub at 
the Chengdu panda reserve
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(Figure 2). This gives rise to the polymorphism property (i.e. 
different forms) of G-quadruplexes in the structure of DNA, 
and subsequently there are difficulties mapping the locations 
of G-quadruplex sites within the human genome.

Applications and experiments
Telomeres are lengths of DNA at the ends of chromosomes that 
allow the coding part of the DNA strands to be completely 
replicated each time a cell divides. This is necessary, as it is not 
possible to copy the entire DNA strand, so a chromosome is 
shortened each time it is replicated. Telomeric DNA is rich with 
guanine bases and so G-quadruplexes form in high abundance. 
Quadruplex-folded telomeric DNA inhibits the activity of the 
enzyme telomerase. Telomerase maintains and synthesises 
telomeric DNA — in effect it dictates the lifetime of a cell. In 
the absence of telomerase, the chromosomes get shorter each 
time a cell divides, eventually leading to the death of that 
cell line. However, if there is too much telomerase activity it 

permits uncontrolled DNA replication and cell growth. In the 
majority of cancers, telomerase is overexpressed. Therefore, 
the inhibition of telomerase is a mechanism that could be a 
potential target for cancer treatment.

As well as Hoogsten hydrogen bonding, quadruplexes 
can be stabilised by coordination to cations (positively 
charged ions) and π-orbital interactions. In the lab it 
is  possible to detect the presence of G-quadruplexes  
using MTC (3,3'-di(3-sulfopropyl)-4,5,4',5'-dibenzo-9-methyl-
thiacarbocyanine triethylammonium salt, see Figure 3). MTC is 
a cyanine dye that will form H-aggregates of MTC in the presence 
of ions Na+, Mg2+, and K+ at physiological concentrations, with 
an absorption band at 445–480 nm.

Oligonucleotides obtained from gene sequences possessing 
an abundance of hybrid/parallel G-aggregates were found 
to transform MTC H-aggregates into a monomer, and this 
monomer exhibited a new absorption band at 580 nm. The 
effect of the emergence of the monomer in solution with 
an absorption band at 580 nm corresponded with a colour 
change of the solution from yellow to pink. We completed an 
analytical experiment on various types of DNA to determine if 
G-quadruplexes were present or not.

Farewell to China
The trip ended with some spectacular views from the top of the 
Chengdu radio and TV tower, followed by an evening of karaoke. 
This visit gave me an insight into chinese student culture while 
providing the opportunity to complete a fascinating chemistry 
course. The trip was made affordable as it was subsidised by 
Sichuan University, so I would recommend that any students 
searching for summer opportunities check what is on offer.

Lawrence Henry is studying chemistry at the University of York.
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Figure 3 The structure of MTC

Figure 2 G-quadruplex structures. The coloured lines represent the 
DNA strands. G is a guanine base
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Humans have always been fascinated by the Moon. It 
seems close enough to study, but far enough away 
for celestial intrigue. By the seventeenth century, 

scientists had begun comparing the glowing orb in the sky to 
terrestrial ground. They could see that the Moon did not have 
an even surface, and identified the darker and smoother parts 
as maria (seas) and the brighter and rougher highland parts as 
terrae (lands).

Land and sea
Scientists soon discovered that there were no ‘seas’ containing 
water, but these historic names remained. Differences in chemical 
composition between the two regions were examined. In 1966 an 
orbiting gamma-ray spectrometer found elements suggesting that 
basalt (a type of volcanic rock) resided in the maria. More recently, 
samples taken from the lunar surface and measurements from 
orbiting instruments have shown the varying distribution of 
elements in the maria and terrae. For example, on average, the 
terrae contain one third as much iron as the maria. 

The maria were thought to have been created when large 
depressions in the lunar surface, which had been caused 

Creating the lunar seas

by asteroid collisions, filled with molten rock. However, 
when isotopic dating was used to show when these surfaces 
solidified, it was found that there were large gaps in time, 
sometimes millions of years, between the creation of these 
depressions and their filling. Scientists realised another 
chemical process must be at work.

When examining lunar samples, a mixture called KREEP 
was identified, which is the key to the maria formation 
mystery. KREEP contains potassium (K), ‘Rare Earth Elements’, 
and phosphorus (P). These elements are disinclined to form 
crystalline structures with their surrounding substances 
and so stayed in the liquid magma until they crystallised 
with other specific elements, such as thorium (a radioactive 
element that can create enough heat to melt rocks). This heat 
helped cause the volcanic activity that filled the depressions 
and therefore created the maria, which are not seas but dark  
basaltic surface.

Stephanie Batten is studying chemistry at the University of York 
and is the editorial assistant for CHEMISTRY REVIEW.
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