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Anodising

Anodising is an electrolytic process in which the
surface coating of oxide on aluminium (ALO,] is
made thicker. In this process the aluminium object
is made the anode in a cell in which the electrolyte is
dilute sulfuric acid. During the electrolysis process,
oxygen is produced at the anode and combines with
the aluminium. The oxide layer on the surface of the
aluminium therefore increases. Dyes can be mixed
with the electrolyte and so the new thicker coating of
oxide is colourful and also decorative (Figure 5.10]

A Figure 510 The oxide layer on the surface of these
aluminium cups has been thickened, and dyes added
to obtain the vibrant colours

Test yourself

5 Complete the following passage about the
extraction of aluminium using words from the list
below.

cell burn

oxygen

replaced
carbon

anode
cathode

Aluminium is extracted from its molten ore,

by electrolysis in an electrolytic

. Before the extraction process begins
is added. The electrodes
are then lowered into the cell. During the process
aluminium is produced at the and is
siphoned off. At the. oxygen is produced.
Because of the high temperature required in the
process the carbon electrodes. away
due to the reaction of the anodeswith
produced at that electrode. Therefore the anodes have

‘(la‘he _regularly.

cryolite
bauxite

5.4 Electrolysis of aqueqy,
solutions ;

Other industrial processes involve the electrg),
of aqueous solutions. To explain what is hap,
in these processes, we will first consider the
electrolysis of dilute sulfuric acid.

Electrolysis of dilute sulfuric aj,

Pure water is a very poor conductor of electrig; A
because there are so few ions in it. However, it .
be made to decompose if an electric current
through it in a Hofmann voltameter, as in Figy

Oxygen
collected
here

A Figure5.11 A Hofmann voltameter u
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electricity better

y , some
um hydroxide solution) is
turneg on and an electric
solution, gases can be

* dilute sulfuric acid (or sodi
N added. When the power is
current flows through this
seen to be produced at the two
are collected in the side arms ofetl:‘;t::)ieasr:tﬂ t:‘:fety
about 20 minutes, approximately twice as mucﬁ a 1
. is produced at the cathode as at the anode. i
' The gas collected at the cathode burns with
I a squeaky pop, showing it to be hydrogen gas

(Table 14.6, p. 227).

For hydrogen to be collected in this way, the
positively charged hydrogen ions must have moved
to the cathode.

hydrogen ions + electrons — hydrogen molecules
4H'@q) + 4o — 2H,(g)

If during this process the water molecules

e H’(aq)., then the remaining portion must be
ydroxide ions, OH-(aq). These ions are attracted to
ode.

gas collected at the anode relights a glowing
showing it to be oxygen (Table 14.6, p. 227).

—2H,0()+ Oy(g) + 4e

en aqueous solutions are
hydrogen is produced at the cathode
ther than hydrogen) are formed

as first carried out by Sir
irmed that the formula for

ite sulfuric acid,
be replaced by
ce to occur
uced at the

to be produced at th
happen?

Four fons are present in the solution:

» from water: H* and OH-
» from sodium chloride: Na* and Cl-

e cathode. Why does this not

When the current flows the H* fons and the Na* ions.
are both attracted to the cathode. The H* ions,
however, accept electrons more easily than the Na*

ions and so hydrogen gas (H,) is produced at the
cathode.

hydrogen ions + electrons —duction hydrogen molecule

2H'@aq) + 2e - H,(g)
Because the sodium is more reactive than the
hydrogen it loses electrons more easily. Generally
it is found that during the electrolysis of aqueous
solutions, very reactive metals, like sodium, are not
formed at the cathode. You will see in Chapter 10
that reactive metals liberate hydrogen when they
react with water.

OH- and Cl- are attracted to the anode. The Cl-
ions release electrons more readily than the OH- ions
and so chlorine gas is produced by the electrode
process.

chloride fons —2420; chjorine molecules + electrons

2CI (aq) - Cl(g) o2

This leaves a high concentration of hydroxide ions,
OH-(aq), around the cathode. The solution in the
region of the anode therefore becomes alkaline.

Electrolysis guidelines

The following points may help you work out the

products of electrolysis in unfamiliar situations.

They will also help you remember what happens at

each electrode.

» Non-metals are produced at the anode whereas
metals and hydrogen gas are produced at the

cathode. ' "
» At an inert anode, chlorine, bromine and iodine

(the halogens) are produced in preference to
oxygen. )

Atyagn inert cathode, hydrogen is prqdmed vnl
eference to metals unless unreactive metals
chias copper are present.
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lkali industry

s — chlorine, sodium hydroxide
Lrolytic process is very expengie ¢
t amounts of electricity, and the prq, €
Iy because all three products (hyrq *"
um hydroxide) have a large nump,. "

electrolysis proces
hydrogen. Th
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chlorine and sodi
uses (Figure 5.12).

Test yourself

Suggest a reason why, in the electrolysis of aci
water, the volume of hydrogen gas produced at*
cathode is only approximately twice the volume o
oxygen gas produced at the anode

The uses of sodium hydroxide can be separ?
a percentage basis as follows:
Neutralisation: 5%

f rayon and acetate fibres: 16%

»

ted ¢




image10.jpeg
5.5 Electrolysis of copper(Ir)

sulfate aqueous solution

CDPPE’(H) sulfate solution Cuso

electrolysed using inert gra;()hite élae(l)gr;ndlzys "

cell similar to that shown in Figure 5.13, Whm .
the solution is electrolysed, oxygen g‘as.anden
copper metal are formed at the anode and cathode
respectively. Four ions are present in solution:

» from the water: H*(aq) + OH-(aq)
» from the copper(II) sulfate: Cu(aq) + 502 (ag)

Oxygen

Copper(i1)
sulfate
solution

Copper forms
on surface of
carbon electrode
Bung

gure 5.13 The electrolysis of copper(II) sulfate
tion using inert electrodes

d Cu**(aq) ions are both attracted to the
the Cu? jons accepting electrons more

n the H* ions (preferential discharge).
Lis therefore deposited at the cathode

ns + electrons — copper atoms

+ 2 — Cu®

Cathode

Electrons
collected
by Cu
ons.
Copper

than the S02 jons, so ox
2 5 ygen gas and
produced at the anode (Figureq‘s.m)'.1 R

hydroxide ions — oxygen + water + electrons

40H@q) — Ofp) +2HOM)+ 4o

Purification of copper

_As copper is a very good conductor of electricity, it
is used for electrical wiring and cables (Figure 5.15)
Pure Copper is also used in the manufacture of 9
cooking utensils owing to its high thermal
conductivity.

a The copper used in electrical wiring has to be very pure

b Due to the high d
aluminium cables are
through national gri

A Figure5.15

However, even small amounts of impu
idown this conductivity quite notice
in fine wires or larger cables. The r
99.99% pure to be used in this
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is itself involved in the electrolytic Process, ¢

i has to be ! LS PIC
le\;/rei;izzpbt;rgf/écz:egll;;;xtracted S copper cathode is known as an ‘active’ elecy .
; The impure copper is used as the anode in the The electrolyte is a §ulljutviln OfZCDppLe((H) s
electrolysis process, and is typically 1 m square, 0.3 m_ot/dfﬂ ) ac\dmch wi L‘ :ionmo /gm sol =
35-50 mm thick and 330 kg in weight. The cathode sulfuric acid to help the solu conduct efe, " g
is a 1 mm thick sheet and weighs about 5 kg; it is (Figure 5.16). s
made from very pure copper. Because copper =2
Cathode
|
W
| E
S

Acidified copper(il)
sulfate solution (electrolyte)

A Figure 5.16 Copper purification process
When the current flows, the copper moves from the the copper(II) sulfate solution and the copper L

impure anode to the pure cathode. Any impurities deposited or copper plated on to the cathode.
fall to the bottom of the cell and collect below the B ooperatoms 7
anode in the form of a slime. This slime is rich in Pr ERHED SOpRera ;

precious metals and the recovery of these metals Cu*(aq) + 2¢ — Cu(s) :
is an important aspect of the economics of the
process. The electrolysis proceeds for about three
weeks until the anodes are reduced to about 10% of
their original size and the cathodes weigh between | | 2
100 and 120 kg. A potential of 0.25 V and a current . |
density of 200 A/m? are usually used.

The ions present in the solution are:

» from the water: H*(aq) + OH-(aq)

» from the copper(II) sulfate: Cu®(aq) + SO, (aq)
During the process the impure anode loses mass
because the copper atoms lose electrons and become
copper ions, Cu(aq) (Figure 5.17).

copper atoms — copper ions + electrons
Cu@s) — Cu*@q) + 2e
The electrons released at the anode travel around the

external circuit to the cathode. There the electrons A Figure 5.17 The movement of ions |
are passed on to the copper ions, Cu*(aq), from copper by electrolysis

Cathode(~) Anode
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The annual production of
of 16 million tonnes. How,
copper we need is obtain

opper worldwi
ever, a large am
ed by recycling.

de i in excess
ount of the b
This way

Practical skills

Electrolysis of copper sulfate solution

Safety

e Eye protection must be worn, i
o Take care with copper(Il) sulfate solution:

<1.0 mol/dm?® is an irritant and corrosive
(Hazard).

part of a project about purifying metals a
wanted to investigate the purification
Their teacher gave them a piece of
*opper and a piece of pure copper foil,
s some sulfuric acid acidified copper(ll)
ition. The apparatus available is
e 5.16. The electrical energy was

of results obtained by the student.

of obtaining copper is in
ecomes more difficult and
ext

Lo = =ETOUsIs of copper(I]) sy

lfate aqueous solution

EE—

.

creasing in importance as it

expensive to locate and
the ground.

ract the copper ore from

provided by a power supply. The student then
followed these directions:

Weigh the copper pieces separately and
enter the masses in your table of results. You
should also record your observations after the
process is complete.

Set up the apparatus as shown in Figure 5.16,
adding 50 cm® of the acidified copper(Il)
sulfate to the beaker.

Switch on the power supply and let the
process run for 15 minutes.

Switch off the power supply, carefully dry
the copper strips and reweigh the copper
strips.

Mass after 15 minutes/g

Change inmass/g | Observations

3.40

Has an orange/brown
colouration on the part of the
copper that has been in the
copper(Il) sulfate solution

| Looks a little thinner. Small pile
of material below this electrode

Id you take in

It was found that there was some material
below the anode. Explain how you could
obtain a sample of this mater ial ,
It was thought that this mixture you have
isolated in f was a mixture of substances
including what appeared tobe a dye.
i Which technique could be
check this P
Design an
technigue you h
\which would allow you (0
components of the dye m:

> used to

ment, using the
described in i,
) identify the

Xper
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5 ELECTROCHEMISTRY

Test yourself

Why do you think it is advantageous to use inert
electrodes in the electrolysis processes?

Predict the products of electrolysis of a solution
of copper(1I) sulfate if carbon electrodes are used
instead of those made from copper as referred to
in the purification of copper section.

10 Predict the products of the electrolysis of
concentrated hydrochloric acid using platinum
electrodes. (Remember concentrated acids have
very little or no water present.)

11 Using your knowledge of electrolysis, predict the
likely products of the electrolysis of copper(II)
chloride solution, using platinum electrodes. Write
ionic half-equations for the formation of these
products at the electrodes.

ntists have found a way of changing chemical
ergy into electrical energy, using a fuel cell
5.18). Fuel cells are chemical cells except
e reagents are supplied continuously to the
The reagents are usually hydrogen and
fuel cell principle was first discovered by

the process was explained in terms of the Tea
at the electrodes’ surfaces of the oxygen apq
hydrogen gases which had been produced q;
electrolysis. g
The hydrogen fuel cells used to power elegy
motors are about 70% efficient and, since (heb‘
product is water, they are pollution free, L

Key definition
A hydrogen-oxygen fuel cell uses hydrogen and gy,

to produce electricity with water as the only 5uh5,a’"{"
produced. J

——

The aqueous NaOH electrolyte is kept within
cell by electrodes which are porous, allowing
the transfer of 0,, H, and water through then
(Figure 5.19). As 0, gas is passed into the cathy;
region of the cell it is reduced:

0,(g) + 2H,0(I) + 4e” — 40H (aq)

The OH- ions formed are removed from the fuel;:
by reaction with H,:

H,(g) + 20H (aq) — 2H,0(1) + 2¢

The electrons produced by this process pass
around an external circuit to the cathode.

(). External circuit  (+)
Hyin — | Rl =
Na*

Anode made
from a porous
material, OH~
impregnated
with platinum or plat
catalyst | | cataht

H,0
out

Electrolyte of
NaOH(eq)

iagrammatic view of a fuel cell
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Advantages and disady,
the hydrogen fuel ce||

As issues surrounding climate o
pomentu. people and governn
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day. Countries all over mgtfvg]ri;e;sf'r?rn_zd each
cleaner and more sustainable sources ops‘ lering
There is adoption of renewable technolo el
such as etgqtric vehicles. Another tEChHSUOS,
that is gaining interest worldwide is fuel coegﬁ
technology. Fuel cell technology has it d

For example, a fuel cell: s advant:

antages of

ange gain
ents all around the

» uses hlydrogen and oxygen and makes non-
polluting water in the process of generating
electricity, whereas petrol and diesel engines
produce many pollutants

» is similar to a battery but does not i
external charging RiEe
» is capable of producing electricity as long
as hydrogen fuel and oxygen are supplied.

ever there are some disadvantages to using fuel
For example:

drogen is in the gas state at room temperature
dipressure, so it is difficult to store in a car
infrastructure does not yet exist, as it does
sil fuels, for example, the number of

ling stations

ells and electric motors are less durable

| petrol or diesel engines, which means they

last as long
ells are very expensive at the moment.

t yourself

uel cell was discovered during electrolysis
riments with water. It is the reverse process
s the electricity. Write a balanced
present the overall
fuel cell.

I latin
eCtrOP i g lving electrolysis

i ocess invo!
L or coated, with another.

roplating is to improve
bjeét and give @ protective

ance of the ol

ages.

coating to the metal beneath
taps are chromium plates b
a‘t the same time are gi
finish (Figure 5.20).

4 For example, bath
to prevent corrosion, and
ven a shiny, more attractive

ting is applied to metals to improve their

Key definition
appearance and resistance to corros ‘

ion

A Figure5.20 This tap ha b

The electroplating pra
such as the one shc
known as the ‘platin:
electrolyte, usually a
For silver plating
of a silver salt
cathode in the ¢
it when the current is
reaction in this process

bath’ anc
solut etal salt

silver ions + electrons

Ag'ag) + ¢
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T e

Anode Cathode

)

Anode made Electrolyte

from the metal containing the
being used metal being used
for plating, for plating,

e, silver e.q. silver

Silver plating a spoon

The Ag* ions are attracted to the
cathode, where they gain electrons

Plating plastics

Nowadays it is not only metals t
Plastics have been developed that 2
electricity. For example, the plastic poly(py
be electroplated in the same way a

have discussed earlier [Figure 5.22)

< \

A Figure5.22 This plastic has been coate
by electrolysis
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Exam-style Question

Test yourself

- | 13 Explain why copper(II) chiorj
ide so|
\ not be used as an elec(rolyte in the :Iuon would 14 Write equations which
\ cell used for copper Plating, ectrolyte Ve cathusley T 'Lr"on‘-:&rgesenl the discharge at
ions:

h a K b Pp 2

| and at the anode of. St

Br- e o i

L/T

hapter 5 you should b,
e able to:
y o St;t'e ;hat metals or hydrogen are formed at the
x » cathode and that non-metal
°m::ﬂ:il: F:zrtf of anode, cathode and are formed at the anode. S s
i od: i ea ‘;C‘ro‘lytlc cell. . Predict the identity of the products of electrolysis
a:;t e mple electrolytic of a specified binary compound, such as lead(1I)
 cations are attracted to. bromide, in the molten state.
 Describe and identify the products of electrolysis
using an aqueous solution of copper(Il) sulfate
with carbon and copper electrodes,
v Describe how and why metals are electroplated.
v State that hydrogen-oxygen fuel cells use
hydrogen and oxygen to generate electricity with
water as the only substance produced.

hloride, dilut + Describe the advantages and disadvantages of
gariaediute using hydrogen-oxygen fuel cells in comparison
with gasoline or petrol engines in vehicles.

ction of

¢ If 100 cm’ of gas collects in A, how much

would there be in B? [
d Identify the metal usually used for X and Y. [1]
e Xiscalledthe [1]
f Yis called the [
9
h

Give the formulae of the three ions present

in the solution. s 3]

Give the ionic half-equations for the

reactions that take place at both X andY. [4]
in the meaning of each of the following terms.

) Anior [2]
de e Anion 2
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ELECTROCHEMISTRY

3 Copper is purified by electrolysis, as in the
example shown below.

D

Identify the materials used for the

electrodes A and B. [2]

b Identify the electrolyte C and substance D. [2]

c Explain why substance D is of economic
importance in respect of this process. 2]

d Give word and symbol equations for the

reactions which take place at the cathode

and anode during this process. [6]
e Explain why electrolyte C has to be

acidified with dilute sulfuric acid. [2]
f Explain why copper has to be 99.99% pure

for use in electrical cables. 2]

and complete the table below, which shows
ssults of the electrolysis of four substances

Product at

ode lposmve

Product at
cathode (negative
electrode)

Aluminium

a Give the meaning of ‘inert ele:trodes

b Explain why the sodium chloride solutiy
becomes progressively more alkaline du"
electrolysis.

¢ Explain why solid lithium chloride s 5
non-conductor of electricity, whereag
molten lithium chloride and lithium
chloride solution are good conductorg of
electricity.

d During the electrolysis of molten alump,,
chloride (AICL,) the carbon anodes are
burned away. Explain why this happens g
write balanced chemical equations for the
reactions that take place.

Sodium hydroxide is made by the electroly;,

of brine (cuncentrated sodium chloride soly,,

a Give ionic half-equations for the reactio
which take place at the cathode and ang

State clearly whether a reaction is oxidati;
or reduction.

b Give two large-scale uses of the productss
this electrolytic process.

¢ Analyse the following statement: ‘This
electrolytic process is a very expensive
one’.

Electroplating is an important industrial pro

a Explain what electroplating is.

b Explain why certain metals are
electroplated.

¢ Give two examples of the use of
electroplating.
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@ 15.1 Introducing Electrolysis

Learning Outcomes — You should be able to:
* define electrolysis;
¥ ' * describe electrolysis as evidence of the structure of ioni

ic comy
molten and aqueous states. POUNds inthe Solg

]
In the past, water was thought to be an element because jt o
Ould

broken down by any methods available then. However, s,
found that water could be decomposed into its elements l;y ;19n
process is known as electrolysis. L

10t b k

Mists
tricity,

Electrolysis is the process of using electricity to break down
ompose a compound (usually an ion iy
ate or in aqueous solution)

ompound in the

0lten

Electrolysis is important for extracting useful pure e
compounds. Electrolysis takes place in an electrolytic cell.

lements  fror,

What are the parts of an electrolytic cell?
The electrolytic cell works like an electrical circuit and has these main
components — a battery, electrodes and an electrolyte (Figure 15.1).

Battery

* Acts as an ‘electron pump’ and draws electrons away
from the anode.

* The anode becomes positively charged.

* Electrons enter the positive terminal of the battery and
are ‘pumped out’ at the negative terminal.

* These electrons are supplied to the cathode, which
becomes negatively charged.

T

battery
+ £
: | ; | ] Electrodes
Conduct electricity
Usually carbon (i.e-
graphite) rods, o

lates.
it nected ©

Electrode con
the positive terminal

of the battery s &
- cathod the anode
Electrode conn!

ive ter
= the negative '€ " _ed
of the battery s

the cathode

connecting
wire.

L Parts of an electrolytic





image19.jpeg
S ——

does electrolysis woryp

The process of electrolysis inyojyeg th

i ithin the electy ree thinge.
eactions Wi ctrolyte, o st
‘:,,ecuodes etrei15:2). fdiths Teactiong :te‘:,‘e'nal circuit, the
'® Surface of
the
In the exi
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Negative term;

+ electrong f,

" ow
Ve termina 1 yro
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ectrolysis, At the cathode:
(negative ions) move = During electrolysis,
a[!ode_ cations (positive ions) move
ive up electrons at 1o the cathode;
cations receive electrons at
the cathode;
reduction occurs at the
cathode.

During electrolysis,

) ! Use the followin
 the flow of ions towards the electrodes | mnemonics to nslp

constitutes the flow of electric current you remember whether
through the electrolyte. ‘oxidation or reduction
T SLETEEE occurs at each
y electrode:
. 3 « An ox — Anode
a Figure 15.2 Movement of ions and electrons during electrolysis oxidation
* Redcat —

Reduction cathode

rted into chemical energy as chemical reactions
e at the electrodes.

at the electrodes? :

eive electrons at the negativelycharged

ns at the posmvelycnarged anode.

the electrodes, they

t
electrons @ L discharged.

or lose e

at the cations ©
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How can electrolysis account for the existence of mobjj,

an electrolyte? @ lons
Recall from Chapter 6 that ionic compounds can only conduct
the molten state and in aqueous solution. We can use €lectro) e, "crly‘,
this (Figure 15.3). VSIS 10 gy !

molten
ssodium chloride

solid f
sodium chloride

battery
bulb

Solid sodium chioride does Molten sodium chloride
not conduct electricity. conducts electricity.

Aqueous sodiym
conducts electrici

Chiorige
ity.

When solid sodium When solid sodium When solid sodiym Chioy
chloride is used, no chloride is heated until is dissolved in water 1o i
current flows through it melts, a current flows

: form an aqueous Solution,
the circuit. No products through the circuit. a current flows. through \hé

are formed at the Products are formed at | circuit. Products are formeg
lectrodes. the electrodes. at the electrodes.

A Figure 15.3 lonic compounds can only conduct electricity in the molten state or in aqueous solution,

This is evidence that

* in the solid state, ions are held in place in the lattice structure. Ths,
they cannot conduct electricity;

* in the molten state, or in agueous solution, ions are free to move and can
conduct electricity.

What are non-electrolytes?

Substances that do not conduct electricity under any condition are called
non-electrolytes. Examples are sulfur, sugar, distilled water and organc
compounds such as ethanol.

What are the differences between how elements (metals and
) and compounds (electrolytes) conduct electricity? =
tals, graphite and ionic compounds (when molten or aqueous]n e
.conductors of electricity. Both metals and graphite are knﬂ':‘ow
conductors, whereas ionic compounds are called elec! e
fable 15.1 shows two major differences between electric:

f
vement ¢
i nductad by the mo\

icity is co " ative jons aCr0SS the

e. =

ctrolyte:
posed o o ™
ot electricit
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B R, et v e Stehg
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luction take place.

o From what you have
— learnt o far, have you

E _ found the answers to

Let's Explore (a)?

g carbon
od | rod

molten lead(ll) bromide

|

With reference to molten lead and moiten lead(l) bromide,
state two differences between a metallic conductor and an
electrolytic conductor.

olysis of Molten lonic Compounds

S e |

You should be able to: :
of molten sodium chioride using inert electrodes;

lectrolysis of a molten ionic compound;
the reactions occurring at the electrodes

oy compound is @
pinary compounc oride is made
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How are objects electroplated?

@ Let's Explore! - ;
The object to be plated is made the cathode of

From what you have

an Electrojy,

anode is the source of the plating metal. Thy Cel|
learnt so far, h; 5 : - 1he electr I3
found the M“.mswﬁﬂmc solution of a salt of the plating metal. The net result _“_ﬁm an :fx,
Let's Explore (b)? plating metal from the anode to the cathode. e :.m:ma.”w;
LY
Figure 15.12 shows how a metal object is coated with copp
er.
battery
iz
The copper anode At the Cathode:
dissolves to form Cu2* i ® Cu ons are g
ions in aqueous soluti plane as copper, et
ion.. metal, e.g. o
Cu(s) —» Cu?*(aq) + 2¢- cooper e Cu*(aq) + 26 _ .
(anode) (cathode) ”

* The metal objecy ;
aqueous solution of salt of with a layer of o,
plating metal, e.g. CuSO,(aq) -

S Plateg
Pper.

A Figure 15.12 Electroplating an object
Key Ideas

The table below compares the products obtained from the electrolysis of copper(ll) sulfate solution
using inert (platinum) and reactive (copper) electrodes.

Electrolyte | Anode | Cathode | Reactionatanode | Reaction at cathode

Copper(ll) sulfate _ Platinum _ Platinum ‘ Oxygen is liberated. | Copper is deposited.

 solutior T

feliion _ Copper i Copper
electrolysis of aqueous copper(ll) sulfate using copper electrodes is used for refining impure

er and plating objects with copper.

oplating is the process of depositing a layer of metal on another substance using electrolysis.

electroplating of metals helps to prevent their corrosion and improve their appearance.

)

_ Copper anode dissolves. | Copper is deposited.

cell shown below is a simple representation of an industrial process.

jal process this cell represents.
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(a) The anode is the electrody
electrode con: S aonects
() Gtoms o s g e
the cathode. At —Mmmh%hm &et oxidiseq MM_ m_w_ it foery et ey
i cattioan ode, Cr jong wm» Bn_,“_uw -;
o

ese cations moy
) ve
(¢) lronis plated € o e Secoeto

' ato i
mS. effectively coating iron with a layer

ith chromi

omium in the m_mnzcu_m:.ﬁ proc
i cess.
(a) Anode: chromium electrode; c; i
(b) The net result is the transfer M., ”nwo. o
(c) Electroplating &'

N electrode
um
from the anode to the iron cathode.

15.5 Simple Cells

Learning Outcome — You should be able to:
« describe how electricity can be produced from simple cells,
reactivity series and redox reactions. 4

in relation to the

‘electrolysis, batteries supply electrical energy for chemical reactions to
oceur. In this way, electrical energy is converted into chemical energy. In
re 15.13, the lemon with the two metals inserted into it acts like a
supplies electrical energy to light up the bulb.

ry to produce electrical energy, a chemical change must first
inside the battery. A battery is made up of simple cells. Chemical
occur in these simple cells to eventually produce elects
energy is thus converted into electrical energy.

light bulb

A Figure 15.13 Example of
‘own simple cell by inserting two a simple cell

from different metals into a fruit (e.g.
‘tomato) (see Figure 15.13). See if your
) run an electric clock or a sma motor.

d metal electrodes will produce the strongest

be used to produce a

different metals in contact W
for the simple cell.
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How a Simple Cell Works

When a zinc plate and a copper plate are placed in dilute Sulfur wha
and connected by wires, a chemical _‘mmnzoz. oceurs to prodyce = ic ajg coPP
current. A potential difference or voltage is set up betweep y, Slecty, Figur
plates. This potential difference can be registered by a <M__sm§ a5 th
(Figure 15.14). ‘Mete, negat
At the zinc electrode: |
« Zinc atoms give up Hﬁou_omhumﬂm flow from the 5,
electrons and go into the S m_ma.e:m the wire to the
solution as zinc ions. PP e |
Oxidation occurs. ) e
Zn(s) —» Zn**(aq) + 2 voltmeter Zinc
elec
* The electrode from which 2 ions
electrons flow out is the L Zn(s
negative electrode. Zinc is =
the negative electrode.
> zinc onrel .
electrode electrode Mw_oq é_m
ilute H,S0,(aq)
Overal

At the copper electrode: k
» Hydrogen ions accept electrons to form hydrogen gas. Reduction occurs. Simp
Simpl
2H'(aq) + 2" —» H.(g) iy
e
« The electrode into which the electrons flow is the positive electrode. _n .m_._w:
~ Copper is the positive electrode. ;
B e :
Byu

4 Figure 15.14 How a simple cell works voltage

ie zinc-copper cell, the zinc plate becomes smaller. Bubbles
as form at the copper electrode. The overall ionic equation for this SI™
2H(aq) —» Zn™(aq) + H,(g)

reduction occur together in order to cause o
mple cell. Thus, electrical energy is produced bY
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happens in a zinc- cop
“_“35 sulfate?
Figure 15.15 ShoWS a zinc—co,
as the electrolyte. Since zinc
negative electrode. Copper be

r
cell when the electrolyte i

PPer cell thay
IS more reg,
Comes the

t uses ¢

s ”:wﬂuwmu Sulfate solution
per,

POsitive electroge, po

Voltmeter
n
(registers 1.1 v) The electrons flow from zinc.

(more reactive metal) along
the wire to copper (less
reactive metal).

At the zinc electrode:
Zinc atoms give up At the

e, . copper electrode:
electrons to form zinc = M__R ortiir Copper(ll) ions from the
sy lectrode ~ solution receive electrons

electrode
Zn(s) —> Zn*'(aq) + 2e to form copper.
— CuS0,(aq) Cu®(aq) + 2e- —» Cu(s)

[ ————m—
4 Figure 15.15 A zinc—copper simple o

| with aqueous copper

sulfate as the electrolyte

The ionic equation for the overall reaction is obtained i
i/_—.oncwzo:w for the reactions at the electrodes. 7

lionic equation: Zn(s) + Cu?'(aq) —» Zn(aq) + Cu(s) tmete
voltmeter

(registers 2.7 V)
le Cells and Reactivity Series L

cells can be used to determine the relative positions of metals in the
ity series. This is because the amount of electrical energy produced
w le cell is determined by how far apart the metals (electrodes) are
eactivity series.

a Figure 15.16 Determining
the voltage of a simple cell ’

ge of a zinc-copper cell is 1.1 V. If zinc is replaced
ve metal, the voltage increases to 2.7 V.

by magnesium, a

v Table 15.3 Voltages produced by

w,e:waa%_m
c are in the a simple cell using
o as electrodes

ge produced in the ¢
- Eﬂ“lﬁtn.}

¥ |
v if both electrodes are made of the same metal — T

zinc/copper 1 |l
ron/copper
ead/copper

05 |
5 I

47 The further &
B o the reactivy s
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FOCUS POINTS
+ Whatis the process of electrolysis?

* How is electrolysis useful to us? 7
% How dowamake use of the Earth's alurminiun’
*

Will fuel cells be used for transport in the future?

In this ch ok at the proci
process of electrolysis. You
and in aqueous solution. You will s

uction industries, by considering the extr
industry based around electroplating. Finally
d in our methods of transport

ster you will

be u

5.1 Electricity and chemistry

Take a look at the photographs in Figure 5.1. What
do you think they all have in common?

They all involve electricity and the process known
as electrolysis. Electrolysis is the breakdown of an
jonic compound, either molten or in solution, by the
passage of electricity through it. The substance that
is decomposed is called the electrolyte (Figure 5.2).
An electrolyte is a substance that conducts
electricity when in the molten state or in solution.

a This watch has a thin coating of gold over steel; the thin
coating is produced by electrolysis

b This picture frame has been silver plated using an
electroplating process involving electrolysis

© Aluminium is produced by electrolysis

‘A Figure5.1

s of electrolysis and the industrie

will look at the electr olysis of various su

e how useful electrolysis is acr

tion of aluminium,
will learn about fuel

lectrochemistry

s based around the
bstances in the molten state,
s manufacturing and fuel
hlor-alkali industry and the
cells and how these cells

The electricity is carried through the electro|
by fons. In the molten state and in aqueous or
solution, the ions are free to move to the appropr
electrodes due to weakened forces of attraction
between them.

» Substances that do not conduct electricity whe
in the molten state or in solution are called
non-electrolytes.

» Substances that conduct electricity to a small
extent in the molten state or in solution are
called weak electrolytes.

The electric current enters and leaves the

electrolyte through electrodes, which are us!
made of unreactive metals, such as platinum o
non-metal carbon (graphite). These are said to b¢
inert electrodes because they do not reac th

the products of electrolysis. The two electrodes
are the cathode, the negative electrode which

attracts cations (positively charged ions), and f*
cts anio*

anode,_ the positive electrode which attr
(negatively charged ions).

Key definitions

Electrolysis is the decomposition of an ion
‘when molten or in aqueous solution, by th
electric current.

Metals or hydrogen are formed at the
non-metals (other than hydrogen) are f
anode.

A Figu

In the
bromic
during
» the

gra
» the

circ
» the

The
is due
(p. 46
carrie

Ele
manuf
how 2
we wi
bromi
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(b)  Give the equations for the reactions at the

electrodes which produce gases X and Y. Section C: Free-Response

() Suggest a reason for the presence of a porous L+ Benjamin carried out tyo e Qﬁmstm"s
membrane. laboratory. Setup A for the ;e fiments i
(d)  The anode used for this cell is titanium. Shown in the diagram beige, ~* Perneny
From this information, suggest a property of S -
titanium. i
(e) If an iron anode is used, the amount of SoeUtng kot
X collected is much reduced. Explain this wie
observation. o — caten,
8. The diagram below shows an industrial process. -
(a) Examine the diagram carefully. Is the anode X
or Y2 Explain your answer. CuCr,(aq)
(b)  What is the industrial application of this
process? In setup B, he replaced the carbon ¢,
(€) In which direction do electrons flow in rod X reactive copper electrodes. i
and rod Y, towards end A or end B? (a) What are the ions present n o
it chloride? oS ey
o
p— preaeito (b)  Write the haif-equation for the re

occurs at the anode and cathode 1| %

(1) setupA;
(i) setup B.
() (1) Describe the changes you wou g,
each set-up as the reaction proeess
(i) Sketch a diagram to show what s
would look like at the end of the
(d) State one industrial application of the ez
that occurs in set-up B.

*2,

An apparatus was set up as shown in the diagan
below.

copper(ll)
sulfate solution

cell shown below is made up of two half- f‘ )L =
ned by a salt bridge. Each half-cell X Sy
an electrode surrounded by an electrolyte.

e completes the circuit, while keeping R
separate. The salt bridge consists electrode
filled with gel containing an inert

filter
paper

position of
CuCrOg

i 02
Aqueous copper(ll) chromate, CuCrO, 1_50 55"9;'”

to the blue Cu® ons and yellow CrO.* X% 1
of concentrated copper(l) chromate w§5 p'ed o
a strip of fiter paper moistened with dSU/ET
The filter paper was then connected (02
through carbon electrodes. After a few Ym
coloured bands were formed at X and B o
(a) Does the apparatus demonstrat® i
or an electrolytic cell? Explain ya:e b
(b) What is the purpose of making ! i
ist? v
(e) it the colours of the bar’;ds axand
& explain how they are formed:
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\
Inert carbon
cathode(~) Inert carbon
(an electrode) anode (+)
(an electrode)
\
Electrolyte

Heat f necessary

A Figure 5.2 The important terms used in electrolysis

he example of electrolysis of molten lead(IT)
e you will see that the transfer of charge
during electrolysis is by:
» the movement of electrons in the metallic or
graphite electrodes
loss or gain of electrons from the external

e movement of jons in the electrolyte.
nduction that takes place in the electrodes
he movement of delocalised electrons
hereas in the electrolyte the charge

very important within many
dustries. To help you understand
t was obtained from its ore,
nsider the electrolysis of lead(II)

jed out as a
board.

5.2 Electrolysis of lead(ll] bromide

Cathode (-)

(+) Anode
Graphite
electrodes

Solid lead(1r)

bromide

Heat

strongly
Bromine vapour
(orange)

Molten lead Molten lead(ll)

bromide

A Figure 5.3 The electrolysis of molten lead(IT) bromide

Consider Figure 5.3, which shows solid lead(II)
bromide (PbBr,) in a crucible with two carbon
electrodes in contact with it. When the electrodes
are first connected, the bulb does not light, because
the solid compound does not allow electricity to pass
through it. However, when the compound is heated
until it is molten, the bulb does light. The lead(IT)
bromide is now behaving as an electrolyte. When this
happens an orange-red vapour is seen at the anode
and lead metal is produced at the cathode. Lead(II)
bromide is a binary compound. Binary compounds
are those that contain two elements chemically
combined. Generally, when molten binary compounds
such as lead(IT) bromide are electrolysed, metals,
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such as lead, are formed at the cathode and non-
metals, such as bromine, are formed at the anode.

The passage of an electric current in the process
of electrolysis results in the break-up (decomposition)
of lead(II) bromide into its constituent elements.

molten lead(II) bromide — bromine + lead
PbBr,(1) — Bryg) +Pb()

For lead metal to be formed, or deposited, at the
cathode, the lead ions must be attracted to and
move towards the electrode (Figure 5.4). To produce
lead metal atoms, these lead ions must each collect
two electrons at the cathode:

lead ion + electrons — lead atom
Pb¥() + 2¢ — Pb()

Cathode(~) Anode(+)

Molten lead(11)
bromide
(o)

ions [Pb*) are attracted to the cathode
e ions (Br-) are attracted to the anode

(p- 31), this process of
led reduction. Chemical

1 a Predict the products of the electrolysis of oy, -/
magnesium fluoride (MgF,).
The metal element of the magnesium fluorige i,
produced at the cathode. The magnesium ion
are attracted and deposited at this electrode, 3
The non-metal element of the magnesium fluori
is produced at the anode. The fluoride ions (F) ¢
attracted and deposited at this electrode.

b Write ionic half-equations for the substances
at the different electrodes you answeredin 13,
lons present in MgF, are Mg? and F-.

At the cathode:

Mg (1) + 2¢” — Mg(l)
At the anode:
2F (1) — Fy(g) + 2¢

¢ State whether the processes are oxidation or redy,

The cathode reaction is reduction (Mg? gains elecry
The anode reaction is oxidation (F- loses electrong

Test yourself

Copy and complete the following sentence about
electrolysis using words from this list:

compound electricity  inert  chemical
platinum molten breakdown
Electrolysis is the of an ionic

——— —_ when
solution by the passageof |
Electrodes are often made of graphite or
and are generally used in
electrolysis because they are

or in aqueous

2 a Predict the products of the electrolysis of molten
i potassium chloride, KCL
ii lead(11) oxide, PbO.
b Write ionic half-equations for the substances f
produced at the different electrodes for ai andai
¢ Use the answers to 2b to decide which processe
are oxidation and which are reduction.
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5.3 Electrolysis of
aluminium oxide

Aluminium is the most

A 3 abundant m i

Lr;s:ieteEa(l;:t_hs crust. The main ore ;tgﬂj';?‘?"‘e

Ens ‘QU"G_S.S) and aluminium is e t\mum 2

it by electrolysis. Aluminium is a reactizeranftidlfmm
etal so

ium in very large quantities.
traction of aluminium involves the

of aluminium oxide, is
s aluminium oxide-
ity of the molten

lectrolysis of

aluminium oxide

it s very difficult to extract from its ore. Reacti
f . Reactive

metals hold on ti

: ghtly to the el

col Wi ement(s)

merr;b;ned with and many are exlracteg)f[hey haye
y electrolysis. rom their

» The purified aluminium oxide is then dissolved
in molten cryolite (Na,ALF,). Cryolite, a mineral
found naturally in Greenland, is used to reduce
the working temperature of th rolysis cell
from 2017°C (the melting point of pure aluminium
oxide) to between & 1 1000°C. Therefore, the
cryolite provides a very large saving in the energy
requirements of the pr
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5 ELECTROCHEMISTRY

In recent years it has become necessary to The molten aluminium collects at the bott,,,
manufacture the cryolite. the cell and it is siphoned out at regular intery, W
» The molten mixture is then electrolysed in a cell  (Figure 5.6). No other metals are deposited, giy,
similar to that shown in Figure 5.6. the cryolite is mostly not affected by the floy
electricity. Problems do arise, however, with the
Crust of sold electrolyte graphite anodes. At the working temperature of,
e cell, the oxygen liberated reacts with the grapy, |
anodes, producing carbon dioxide. g

- Aluminium carbon + oxygen — carbon dioxide

Cl) + OM) —»  COJ»)
The anodes burn away and have to be replaceg
regular basis.

The electrolysis of aluminium oxide is a
continuous process in which vast amounts of
electricity are used. In order to make the proces,

l::‘:;:‘::,m an economic one, a cheap form of electricity is
cathode. required. Hydroelectric power (HEP) is usually
for this process. The plant shown in Figure 5.7 .
an HEP scheme to provide some of the electrica
used in industry to extract energy required for this process.

ong

Molten electrolyte

Figure 5.7 An aluminium smelting plant

cheap electrical energy has allowed alumi™”
oduced in such large quantities that it s

id most widely used metal after iron. lﬁ‘i

he manufacture of electrical/transmiss'”

strands are wrapped around 2

Aluminium is used because

emical inertness and good
ty. This means that it will *

current to carry the sam
0 of these pmpeﬂ‘e‘r
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- the manufacture of aerop|
Worldwide production of aly
million tonnes each year,

lane bodies (Figure 5.8).

minium noy exceeds 40

ium is used in the manufacture of

associated with th
including:

» the effects of

»

aluminium o

There are serious environmental problems

e location of aluminium plants

the extracted impurities, which
form a red mud (Figure 5.9)

the fine cryolite dust, which s emitted through
very tall chimneys so as not to affect the
surrounding area

the claimed link between environmental
aluminium and a degenerative brain disorder
called Alzheimer’s disease - it is thought that
aluminium is a major influence on the early onset
of this disease. However, the evidence is still
inconclusive.

Test yourself

Produce a flow chart to summrise the pracs
involved in the extraction of aluminium

from bauxite.

Explain why the mixture
anode contains oxygen, ¢
traces of fluorine.

es formed at the
bon dioxide and





