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Anions - chlorides, sulfates, carbonaies, bromides, hydrogen carbenates

Cations ~ sodium, magnesium, calcium, potassium

S .~ Meaning.
Minerat An element or compound found in sail or rocks
Leaching The process of waler seeping 1hrough rocks and seil dissolving minerats from the recks and soil
Terrestrial Of land

Hydrothermal vent | An opening int the sea floor relaasing a spring of hot water

Mid-ocean ridge Undersea mountain range fermed by magma rising from the mantle where tectonic plates are moving apart

Rainwater seeps over or through the earth dissolving minerals and carrying them via ground water or rivers to the oceans. This
is a major source of replenishment of salts in the ocean. The ions dissolved vary according 1o the composition of the rocks.
AL mid-oeean ridges, cooling rocks crack, allowing water 1o sink into the rocks. The rocks heat the water and rock minerals
At mid 1g ling rocl k, all g waler 1 I intor the rocks. Th ks heat the water and rock mineral
dissaive in it This water, saturated with minerals, returns to the occan through springs in the sea floor. These are called
hydrothermal vents, literally, hol waler vents.
Oxidation means a reaction it which electrons are lost or given up.
Reduction is a reaction in which electrons are gaimed.
One species accepts the electrons which are given up by another species. Hence oxidation/reduction reactions are really
clectron transfer reactions. For example, when an active metal such as magnesium is in contact with a less active metal such
ag sitver, the aclive metal will lose elecirons and the less active metal will take up the eicetrons,
X +

Mg(s) — Mg 'tag) + 2e Ag'lag) + ¢ — Ag(s)
Mg(s) — Mg*'(ag) -+ 2¢ and 2H (aq) + 2¢ — L (g). The electrons are transferred from magnesium aloms (Mg)
o hvdrogen ions (M),
(a) Electrolytes are liquids which can conduct electricity because they have tons free to move. They can be solutions of

ionic compounds, molten metals or motien ionic compounds, e.g. sea waler, polassium nitrate selution, molten sodivm

chloride.

(b} {1) no light, O current (or very close)
{n light glows, current shown on microammeter

Electrons can be transferred in electrolytes as they can conduct electricity. Therefore redox reactions can occur as the electrons
are transferred from one species in the liguid to another,

While studying the effects of static electricity on muscle contraction using disseeted frog’s legs, Galvani observed that the
electricity caused the muscle (o contract. He also noliced that the muscle contracted when two different metals were in contact
with both the spinal cord and the leg muscle of the frog. He suggested that this was due (o electricity generated by the frog.

Volta investigated Galvani’s effect further and realised that the current was generated by the metals, not the dead animal. This
made the important connection between chemical reactions and electricity, Volta then developed the first battery, & “voltaic
pile’ made of alternating zine and copper discs with an electrolyte solution in between. This enabled tandmark experiments to
he carried out by Davy on the effects of electricity on chemicals.

Davy used Volta’s device to pass electricily through compounds. This caused the decomposition of some compeunds
nreviously classified as elements, e.g. water and sodium chloride. Active metals such as sodium, potassium, calcium,
strontium, barium and magnesium were discovered, Davy suggested that the forees holding atoms together were electrical in
nature, Davy atso made imporfant discoveries m electrochemistry that ted to corrosion protection for ships” hulls.

Faraday carried on from Davy’s work. Faraday quaniified clectrolysis by relating the quantity of electricity used in electrolysis
to the valency and mass of the element produced. He formulated faws of electrolysis. He also developed the terminology used
today - words such as clectrolytes, ion, anion and cation.
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2.1.1

2.1.2

2.1.3

2.1.4

224

222
2.2.3

I an exam you would first describe the work of each scientist (see above) and then analyse their contributions, e.g. Each

of these scientisls advanced the knowledge and understanding of electrochemistry and the nature of matfer. Galvani’s and
faler Volia's experiments led (o the development of the first device for generaling 4 continuous clectric current and to the
connection made by Volta between chemical reactions and electricity. Davy then examined decomposition by electrolysis

and discovered several active elements. Faraday quantified the relationship between electricity and chemical reactions, This
further showed the relationship between electricity and chemical bonds. At this time, the structure of the atom was nol known,
however, this carly work on the electrical nature of matier and the relationship between electricity and matter was the first step
in our understanding of electron transfer reactions.

el T _ - Slgnificance of work to electrochemistry. . - ;

Luigi Galvani His work on the effect of electricity on frog muscle contraction provided the basis for Volta's later discoveries. His
accidental discovery of muscle contraction when different metals were used in contact with the dissected frog was the
hasis for the development of the battery {which uses electron transfer reaciions}.

Alessandro Volta Was the first to generate electricity from a chemical reaction. Established the connection between chemistry and
electricity and developed a primiliva battery called a voltaic pile.

Humphry Davy Used Volta's voltaic pile to decompose compounds, discovered new elements in this way and first suggested the
connection between chemical bonds and electricity.

Michael Faraday Continued Davy's work on electrolysis, establishing that the etectricity was actually used in the chemical
decamposition and developed the guantitative faws governing electrolysis. Relatad charge used to product formed.

Rusting is the slow oxidation of iron, as it reacts with oxygen and water, to form hydrated iron oxide. The rust which forms is
a brown, crumbly, porous compound.

fron in contact with oxygen and water. (High humidity in the air is sufficient maeisture for rusting.) A warm femperature and a
neutral or acidic pl are also necessary.

(a) Iron is oxidised to iron(11} fons (forrous ions), losing electrons.
Fo(s) — Fe™lag) + 2¢
(I Oxygen is reduced, gaining electrons, reacting with water to form hydroxide ions.
O,g) + 2H,00) +4¢" — 40H (ag)
(c) 2Fe(sy + O, g} + 2H,0() — 2re™(ag) + 40 {ag)
The ferrous and hydroxide ions form iron(l1) bydroxide. Fe™' + 20017 s Fe(OH),{s)
Further oxidisation of Fe'' (o Fe'' oeeurs, with reduction of oxygen.
4Fe(ON), + O, =~ 2(Fe,0,H,0) + 2H,0(1)
The overalf equation Tor the formation of rust can then be writfen as:
4Fe(s) + 30,4g) + 2H,00) - 2Fe 0O H O(s)
{d) Rust is hydrated iren(HT) oxide (Fe,0,.xH O} where x is commaonly equal to 1 or 2,

An clectrochemical process occurs. Iron atoms arve oxidised releasing electrons, This area is called the anode.
. ~ 2 .
Fe(s) — Fe (ag) + 2¢

These electrons are transferred through the drop of water, Oxygen from the atmosphere takes up these electrons and is
reduced, This area is called the cathode.

Oyg) + 2ZH,0) + d4e” — 40OH (aq)
The Terrous and hydroxide ions come together and form fron(11) hydroxide.

24

e

+ 20H — Fe{OH)(s)

This modet only shows the formation of iron(i1) hydroxide. Fe’' is further oxidised to Fe™ forming the hydrated iron(ill)
oxide which makes up rust. {See Question 2.1.3(c).)

Water reacts with oxygen forming bydroxide ions in the cathodic reaction. Water also acts as an clectrolyle, transferring
clectrons from anode to cathode. This is done more efficiently when water has dissolved ions in it such as in sea water,

Oxygen is reduced in the cathode reaction. 1t is the electron acceplor and is thus essential for rusting to oceur,

Acidic pH accelerates rusting as H- ions accept clectrons readily, forming hydrogen atoms. Migh pH (alkaline conditions)
inhibits rusting by inhibiting the reduction of oxygen o hydroxide jons.

Sclence Press
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Science Press

Temperature inerease causes rates of chemical reactions o increase as collisions between reactants become stronger and more
frequent. Rusting js a chemical reaction so rusting rate increases with increases in temperature,

Less active metals inerease the rate of corrosion of iron as an electrochemical cell iy set up in which iron is the anode and
hence will oxi

ise faster. For example, iren alloyed witly tin or copper will rust more quickly than pure iron. However, if

iron is alloyed with more active metals such as zine or manganese, the iron becomes more resistant 1o corrosion. The more
aclive metal is oxidised in preference (o the iron. The presence of non metals such as silicon can accelerate rusting by causing
internal stresses in the iron metallic lattice. This weakens the structure of the iron so that oxidation occurs more readily. Since
steels are impure forms of iron, they tend to corrode more readily than pure iron unless other elements such as chromium are
alloyed in Lo prevent corrosion.

{a) Independent varizhle — presence or absence of salt in waler.
Dependent variable - rate of formation of rust, i.e. amount of rust formed in a given time.

Controtled variables - type, size and cleanliness of nails, volume of liguid, containers, surrounding conditions,
c.g. temperature,

(b) Rust will be observed sooner on the nail in salt water. At the end of the week there will be more rust on the nail in A
(salt water) than in I3 (fresh water).

{c) Set up a number of identical nails in the same conditions at the same ime or repeat the experiment a number of times.

{(d) Setup a dry test wbe containing an identical nail plus silica gel or calcium chloride to absorb any moisture. Stopper
the test tube. This is the controd,

(a) Various, ¢.g. Anodes occur at the ends of the nails and at the site of bending.
Oxidation occurs at the ends of the nails and at the site of bending (stress).
Agar acted as an efficient electrolyte, allowing the transfer of electrons from anodes (o cathodes.

(M Phenolphthalein turns pink in basic solution. Reduction of oxygen at the cathode produces hydroxide ions that turn
phenolphthalein pink.

O,y + 2H,00) + de — 40H {aq)
(<) At anodes Fe is oxidised as follows: Fe(s) — ]F'ezi(aq) + ¢
The Fe' lons turn the potassium ferricyanide solution blue.
The natural deterioration of a material due to ifs reaction with the environment,

(2} Vartous, e.g. Cast iran and mild steel or stainless steel. Cast iron has aboul 3% carbon and small quantitics of silicon
and manganese. Mild steel has about ¢.1-0.3% carbon and various amounts of other alloyed clements whereas
stainless steel has at least 10,5% chromium as well as small amounts of other elements,

(b) Various, e.g. Samples should be in water or in a moist environment and exposed 1o the air. Samples should initially be
free of surface corrosion and the same size and shape. Whatever the condiiions used, the fron and steet samples should
be in the same environment and left for the same time.

(c) Various depending on samples used, e.g. Stainless steel did not rust whereas iron rusted. Or cast iron did not rust as
fast as the mitd steel.

{d) Various, e.g. Chromium {in stainless steel) is a passivating metal and protects stainless steel from rusting. Mild steel
will rust due to stress on its lattice structure caused by the presence of impurities, Very pure iron will rust very slowly
as no other metal ions are present to form a galvanic cell. Cast iron will not rust as fast as steel because the high
carbon content lends to form a protective graphite layer whereas the steet has many alioyed elements that can weaken
Hs structure.

{e) For an experiment to be considered reliable, # should contain duplicate or triplicate test samplies and be performed
many times. i your experiment was performed only once without duplicates the results should not be judged very
reliable,

(a) Steel is iron with < 2% carbon and different amounts of other alloyed metals such as manganese, chromium, nickel,

tungsten malybdenum and others.

(b} Steel has many uses, e.g. in houschold appliances, construction, cars, ships, Each different use requires different
properties and thus different types and percentages of other added metals. For example, chromium is added to prevent
corrosion, mangancse increases strength and malicability.
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{x) The less carben the more malleable the steel. The higher the carbon content, the less malleable, but the steel is

stronger and harder.

(b (i) Can be made into plates, shaped and welded so is used for ship’s hulls and cars.
{i1) Used for small tools where strength and hardness are important, e.g, hanmmers, axes.

Steel is an alloy, which is a mixture of metals, so changes in composition affect its properties. Mild sieel tends fo correde

relatively quickly whereas the addition of more than 10.5% chromium to this steel malkes stainless steel which is corrosion

resistant and has a shinier appearance. Small changes in carbon content also determine the matleability of the steel.

Various, e.g:

‘Composition =

 Properties

Stainiess steels have =10.5% chromium
conten!, alse possibly nickel, manganese,
silicon and < 0.3% carbon.

Corrosion resisiant, hard and strong, pleasing
appearance. Very maileable,

Sinks, cutlery, electrical appliances.

High carben steels (0.6-1.3% carbon} and
< 4% chromium.

increased hardness, resistant to wear and
abrasion.

Tocls such as axes, hammerheads. Gears
and axles.

Steel with added tungsten and cobalt.

Very hard sleels, resistant o abrasion, can
wilhstand heat,

High-speed cutting and drilling tocis,

Steel with molybdenum alloyed,

Malleability increased, easily weldad, strong
and hard.

Pressure vessels, construction industry,

Stamless steel is cotrosion resistant because the alloyed Cris a passivating metat and forms a thin, invisible, inert film of

chromium oxide on the surface of the steel. H damaged, the film quickly re-forms.

Iron (in the form of steel alloys).

Strong, hard, malleable; can be made into plates and welded; fess dense than iron; can be made relatively corrosion resistant

by the use of alloyed elements.

Anchers and chaing can be made of iron as cast iron is very hard and strong,

(n) Aclive melals react chemically much faster than unreactive metals and will corrode rapidly. Passivating metals do

not normally corrode (although they may be active) as they form a passive, protective oxide film on the surface of the

metal. Aluminiont is an active metal, but unlike other active metals such as magnesium and zing, it will not corrode as

il is alse a passivating metal. Chromium and tungsten are also passivating metals.

{b) Active metals react readily with the environment such as with oxygen to form oxides. 1 the metal forms an oxide that

adheres 10 the surface forming a thin, inactive, non-porous coating over the metal, then the nietal will be protecied

from corrosion by this barvier. These are called passivaling metals. [f the oxide formed does not adhere or is perous,

e.g. rust forming on iren, the metal will not be protected and will continue 10 corrode as there will not be a barrier

between the metal and the environment.

Electrolysis is the decomposition of a substance by passing electric current through it. Chemical reactions occur due Lo a

valtage being applied.

(a)

Voltameter

-J - FESBIVOIN

inart anade -

dilule salt .
sofution
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(b) 2H,00) — 2H.(g) + Ofp)
Anode: 2H, O} — 4H ' (ag) + O fg) + de
Cathode: 2ZH,O(1) + 2¢ -~ HJ(g) + 20H (aqg}

1.3 A container with an electrolyle and two electrodes. The electrodes are connected by an external circuit containing a power
source such as a battery. The positive terminal is the anode. The negative terminal is ithe cathode.

314 {a) Oxidation occurs and electrons are released.
{h Reduction occurs and electrons are taken up.
1.5 {a) Electrolysis of dilute sodinm chloride solution:

- cathode

anode - - hydrogen gas

OXYgEN gas =]
dilute socdium

- chloride
solution
(b (i oxygen, hydrogen
(i1) chiorine gas, hydrogen and sodium hydroxide
(c} At the anode, two reactions are possible, the oxidation of water 1o produce oxygen and the oxidation of chloride ions

to preduce ¢hlorine, The voltages required Tor these half reactions are very similar at standard conditions of 1 mol L
clectrolyte concentration. Both reactions tend Lo occur.
20T (aq) — Cl(g) + 2e E® = 136V
BLOM — Ofg) + 4W'(ag)y + ¢ BE° = 123V

However, if the electrolyle concentration is very dilute oxygen predominates whereas, with concentrated solution,
chlorine is formed. Therefore the electroiyte conceniration determines the product formed at the anode.
3.1.6 Various, &2, to decompose compounds and thus extract elements, e.g. electrolysis of molten sodium chloride to form sodivm
and chloring; the refining of metals such as aluminium and copper: clectroplating, e.g. covering iron with zing, silver or gold;
cleaning corroded artefacts.

317 (a) Electroplating an object with copper:

brass key heing -

coated with copper .
nert anote

solution containing copper ions
(I Anode: 2H,O(1) - AH (ag) + O,(zy + 4e

Cathode: Cu''(ag) + 2¢” — Culs)

Science Press
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322

331

(@) Electrolytic cell Tor cleaning a corroded silver spoon:

negalive lerminal
of POWEr Source

inert

|_spoon as cathode
anode

dilute sodium bydroxide solution
(1) At low voltage, the sitver ions on the surface of the spoon would be reduced (e silver and the sulfide tons released
from the surface.  Ag'{aq) + ¢ — Ag(s)

This helps Lo restore the surface of the spoon. With higher voltage, hydrogen bubbles witl be produced Trom the
reduction of water at the cathode and this can loosen difficult to remove silver sulfide from the surface.

The possible anode reactions would be:

. oxidation of the Cu anode
. oxidation of the clectrolyte
. oxidation of the water.

With standard conditions, the redox table of ¢lectrode potentials can be used to predict the reaction, The reaction that will
proceed first is the one requiring the lowest input of electrical energy. This is the one with the fowest numerical value of E® .
However, non-standard conditions would change the clectrode potentials.

(a) When the concentration of the electrolyte is not 1 mol L™ the electrode potentials are different and the redox table
cannot be used Lo predict the reactions occurring. The concentration can determing the anode product. 1f the possibie
reaclions have simitar B values, both reactions may occur, depending on conceniration., e.g. in electrolysis of dilute
NaCl, waler is oxidised producing O,, in conc. NaCl (brine), C1" ions are oxidised to CL, and in between, both Cl, and
O, will be formed.

{b) The more concentrated the eleetrolyte, the faster the rate of reaction as the electrolyte becomes a better conductor
of electricity.

The ions in the electrolyte can be reduced or oxidised in electrolysis, Therefore the nature of the electrolyte affects the
products, in moelten electrolytes with ert electrodes, only one product will be possible af each electrode, e.g. for the
electrolysis of molten potassium bromide, the products will be potassium and bromine. However, if the electrolyte is an
aqueous solution the water may react and the products witl vary depending on the electrode potential of the possibie half
reactions.

{a) The arca of the electrode in contact with the electrolyie affects the rate of reaction. The greater the area, the faster the
reaction rate.

{ Also the distance apart affects rate. The closer the electrodes are to one another, the faster the reaction rate,

{c) The composition of the electrodes is important to the products formed as the anode may oxidise in preference to the
electrolyle, e.g. Pt stainless steel or graphite electrodes are inerl and witl not affect the products, but metals such as
zing, nickel, copper, iton may be oxidised.

{a) Various, ¢.. You may have varied the electroiyle concentration, the shape and distance apart of the electrodes, the
voltage applied.

b Various, e.g. a suitable cell would be a beaker containing CuSO | solution, with graphite electrodes, connected to a
. Jis g 4
power pack.

Science Press
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{a) Various, ¢.g. clectroiyte concentration.

L. Hall fill the beaker with 0.1 mol L™ CuSO, solution. 2. Place electrodes in the solution 5 cm apart

0o adepth of 5 em. 3, Apply 6 V {or | miute. 4. Observe and record the copper deposit en the cathode

using a + 1o ++4+ system, 5. Repeat using 0.5 mol L. Ca$Q, solution, 1.0 mol L ' CuS0, solution
and 2.0 mol L CuS0, solution.

(b) The dependent variabie is what is being measured or observed. In this case it is the quantity of copper deposited on the

cathode in a given time. 1L is being judged subjectively using a 4-paint scale.

(c) Various depending on the factors investigated, e.g. Increasing the concentration of the electrolyte, led 1o an increase in

the rate of clectrolysis as shown by the increase in electrical conductivity of the solution.

333 Various, ¢.g.

Faclorinvestigated

Hypothesi

Varying electrolyle concentration

As electroivte concentration increases, the rate of
deposition of copper will increase.

Varying voliage

As voltage increases (e.g. from 2V to 10 V) the
rale of copper deposited will increase.

Varying area of electrode immersed

The greater ihe area immersed in the ¢lectrelyte,
the greater the rate of copper deposited.

Varying the distance aparl of the electrodes

As the distance between the electrodes increases,
the rate of copper deposited will decrease.

- artefacts of Fe, bronze, brass, Pb, 8Sn, Cu, Ag, Au

TIron was available - it was one of the carliest melals discovered, it is abundant in the Earth’s crust and is extracted relatively

casily by heating its ore. Iron’s propertics are suitalle - it 18 a strong, hard metal, which can be welded and shaped, As i

became readily available by 1800 it became the metal of choice for ship construction.

4.1.1
Timeline
3000 BCE - <&~ wooden ships
0BCE A - fittings of wrought iron and bronze used
|
|
1000 CE A
1500CE g iron nails first used
HMS Pandora
e :4— iron frames used for hull
- Vudcan, first all-iron ship
:_—I—L:' sleel ships
2000 CE Titanic
surface alloying, Al alloys, Cu-Ni alioys
4,12
4.1.3

Science Press

The technology 1o alloy metals led to larger, faster and stronger ships. The Tianic was construcled of steel and was considered

“state of the art’ for its time. However, the steel alloy used in the Fitanic had a higher content of phosphorus and sulfur than

fater alloys and this made it more brittle at low lemperatures, There have been improvements in steel alloys since that time,

including the use of aluminium, chromimn, titaniun and nickel, Corrosion resistant alloys of copper-nicke! are one of the

latest developments.

Improved technology and materials have led (o ships which are lighter, stronger, more corrosion resistant, saler and more

economical,
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4.3.1

4.3.2

4.3.3

4.3.4

4.3.5

4.4.1

4.4.2

44.3

4.4.4

(2} Various, c.g. Gather samples of different metals and zlioys possibly suitable for marine use. Samples couid include
mild steel, stainless steel, copper, brass, aluminium, cast iron, copper-nickel alloy. Alf samples should be the same
size and shape, Samples could be placed hall submerged in containers of sea water, left for the same time in the same
environment and then observed lfor corrosion.

() Various. Make detaited observations of the surlace of the metals, noting pitting, discolouration, signs of 2 deposit ofa
corresion product. Tabulafe your observations. Rate the samples in order of degree of corrosion.

Corrosion occurs rapidly when galvanic cells are sel up. Metals in a marine environment readily form electrochemical cells
with the sea water as electrolyte. Oxygen is dissolved in sea water. Thug water and oxygen are in close contact with metal,
Also the metals in ships are subjected to mechanical stress and stress points can casily become electrode sites. Numerous cells
can form on the surface of a plece of metal and the metal at anode sites will corrode rapidly.

Ship hulls are in an environment where they are very susceptible (o corrosion. The presence of sall waler, oxygen. mechanical
stress and alioyed metals in the steel producing irregularities in the crystal structure of the metal all increase the likelihood of
corrosion. Llectrochemical cells form which hastens corrosion,

Steels can be made more corrosion resistant by including corrosion-resistant or passivating metals in the steel. Alloys which
resist corrosion are those with a high percentage of chromium, nickel, manganese and/or molybdenum. Although these atloys
have improved corrosion resistance, they still need Nurther protection.

Surface alloying is a recent development in which a protective metal is bound strongly into the surface layers of the steel, This
provides a cheaper product than the same metal alloyed info the whole structure. When chromium is surfaced alloyed inte
steel it s strongly boumd so that its oxide 1 not affected by chioride ions in the sea water and the chromium is less polinting to
the environment.

{a) Paints and other coatings keep oxygen and water away Tront the metal. Since water and oxygen are required for
corrasion, the metal will not corrode,

{h)
_ Advantages - 'Disadvantages
. Can be coloured and attractive . Need to be regularly mairtained so that chips and scratches are repaired. Corrosion
° Refatively cheap would proceed rapidly undesr the paint if scratches were not repairecl.
" Effective when maintained " Bilficult to maintain on underwater structures. Needs dry docking.
. Can feach out chemicals and pollute the environment,

A recent development in coatings is the paint called Rustmaster, This paint forms a polymer layer that is impervious to air
and water. 1t also develops an interlayer between the polymer and the metal. This interlayer prevents the movement of jons so
that electrochemical cells camnot be set up. Such paints are a big improvement as they are more effective, durable and do not
pollute the water.

() Various, A variely of paints, lacquers and oils could be coated on idensical iron samples. Uncoated samples shoutd
be included as a control. All samples should be lefl in the same envirenment for the same period of time and the
corrosion on the coated samples compared with the unprotected samples.

{b) Various. For the experiment to be valid, the unprotecied samples needed to have rusted. These uncoaled samples allow
vou to cheek that the corrosion really is prevented by the coatings.

Various. As long s the coatings remained intact, the coated samples would not have rusted. Without being used, al! samples

wouid protect equally, however, if samples were constantly exposed lo wear, some coalings may be less effective,

{a) This is called galvanising and is an effective protection. Even if the coating of zine is damaged, the zinc (being a more
active metal) will be oxidised in preference to the iron.

(I} Tin is an effective coating as fong as it remaing intact, It keeps water and oxygen away from the iron. However, tin is
a less active metal than iron, So, il the tin coating is damaged, an electrochemical cell will be set up, with iron as the
anode, and the iron will rust rapidly.

(a) Unpainted samples of the steel treated the same and kept in the same place for the same time. These samples would be
used for comparison,

(h) Same steel used Tor all samples, same thickness of paint coating, shaken in the same way, kept in the same

environment including the same femperature for the same period.

(¢} Samples with coating A showed no difference in the amount of corrosion between the shaken and unshaken coated
samples. Also the shaken samples showed no sign of chips or seratches. However, the unpainted control samples had
corroded. There was more corrosion evident on samples painted with B and C.
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1 Standard potentials front table . | Metal which will corode

Mg -2.36V, Fe —0.44 ¥

Zn, Ag Zn ~0.76 V, Ag 0.80 V Zn
5n, Fe 8n 014V, Fe ~0.44 V Fe
Cu, Zn Cu 034V, Zn-0.76 V Zn
4.5.2 The metal with the lowest standard potential will corrode.
453 Any unprotected, weak spot in the metal can form a galvanic cell. There ave many cells setup in any sheet of metal. The

cleetrons pass from anode o cathode site and a film of moisture completes the cirenif by aowing jon Now, Where twoe
different metals are in contact the more active metal will be the anode,
4.0.1 The process of protecting iron structures from corrosion by making the ron structure become the cathode inan
electrochemical cell.
4.6.2 (a) The iron is the cathode. Reduction occurs at the cathode. Oxygen is reduced at the cathode. However, if any Fe fons
are present they will be quickly reduced back to Fe metal. Oy{aq) + 28,000 -+ 4¢” — 401 {aq)

(v The metal forming the anode is oxidised. This may be Mg or Zn, If the anode is inert, water is oxidised.
2H,00) > 4H'(ag) 1+ Ofg) + 4e Mag(s} - Mg® (aq) + 2¢
4.6.3 {(a) Marine: ship hulls, oil rigs, metal pylons on bridpes and wharves,

Wet terrestrial: underground fuel tanks, steel pipes and pylons in wet terrestrial environnents.

() Various, e.g.

" Advantages G Disadvantages: .

Effeclive Corrosion is rapid if galvanic cell is lost.

L.ong {asting

Relatively inexpensive

Easily maintained

ic)
“Protection by painting: Cathotic profection it
Maintenance, Paint layer needs 1o cover all the hull and {o be intact, Maintenance of galvanic cell is required, but is inexpensive and can
hence regular maintenance nesded. Ship neads to be dry dockerd for be done without dry docking. May require a zinc plate lo be replaced
mainienance. Thus maintenance may be expensive. regutarly or a smail current 1o be continually supplied,
Corrosion cceurs ¥ paint layer is damaged. Loss of galvanic cell results in cotrosion.
Water is polluted as paint deteriorates. Water is polluted wilh sacrificial ancde, not with impressed current,
4.7.1 {a) Metals which are maore active than iron {stronger reductants) are attached to the iron structure in order 1o sef up

a galvanic cell. They are corroded away in preference to the iron and need 1o be regularty replaced. Mg and Zn
commonly used.

(b A palvanic cell is set up with the Mg or Zn as the anode and the iron structure as the cathode. The Mg or Zn is
oxidised and corroded away while the iron is protecied by the excess clectrons at the cathode. Oxygen is reduced at
the cathode. 1T oxygen is Himited, such as in waierlogged soils, water may be reduced at the cathode.

Anode: Mg(s) — Mg (ag) + 2¢° or Zn(s) — Zn(aq) + 2e
Cathode: O,(aq) + ZH,00) + 4e — 40H {aq}

4.7.2 {a) An electrical circuit is attached to the steel or iron structure using an inert anode. A small vollage is applied
continuously. The steel structure is the cathode.

() The steel structure has a supply of electrons which prevent the Fe Irom corroding, Water or oxygen is reduced at the
cathode and water is oxidised at the anode.

Anode: 2H,00) — 4H (aq) + O,(g) + 4¢”
Cathode: 2H,0() + 2¢ — H (g} + 20H (aq) or O,(ag) + 2ZH,O0) + de - 40H (aq)
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4.7.3

4.7.4

4.8.1

Both methods are very effective. Sacrificial anode reguires regular maintenance to replace the ancde whereas an impressed
current only needs a constant voltage to e supplicd. The anode material is released to the environment in a sacrificial anode
system whereas an impressed current is non-poluting. An impressed current system is more expensive intially, but both are
cheap to maintain.

Galvanised iron is iron with a layer of zinc covering it and protecting the iron. 1f the zine layer is damaged, exposing the
iron, the zine and iron form a galvanic cell with the iron as cathode. Hence the iron is protected from corrosion as in cathodic
protection.
() Ship hulls are normally protected by sacrificial anodes as are rudders and propellers. Accessible steel structures use
sacrificial anodes.
Structures that are buried such as fuel storage tanks and pipelines use impressed currents. Maodern naval vessels may
have built-in impressed current systems.
(" Various, e.g. Ship hulls bave zine plates attached as these are cheaper fo set up than impressed curvents and can be
casily replaced as the zine is used up. Simikarly other structures with access use sacrificial anodes.
However, underground structures require impressed current systems because the anodes could not be reached to
replace them whereas an electric current can be casily monitored and maintained from the surface.
High-tech modemn ships may use impressed current as it is cheaper (o install such a system during ship building and
the ship will not be out of action for replacement of zine plates.
For the chemistry of sacrificial anodes and impressed currents see answers to 4.7.1 (b) and 4.7.2 (b).
Solubility of gases decreases as femperature increases.
Forward reaction is exothermic. By Le Chitelier’s principle, i {femperatine is increased, then the reverse reaction will be
Tavoured as this will minimise the change. Therefore CO, will be released from solution (become less soluble} as temperature
rises. Conversely, when the temperature drops, the forward reaction is favoured, so more CO, will dissolve,
As temperature rises, the solubility of salts increases. More solid will dissolve in hot water than in cold water.
Maore salt dissolves as the temperature is increased. However, the difference is very slight with NaCl. For 160 mL of
solution only an extra 0.3 g digsolves when the temperature increases from 0°C to 20°C . Therefore temperature affects the
concentration of NaCl in water only very slightly.
Pressure has Hittle effect on the solubility of salts, With gases, increased gas pressure above the water increases the solubility
of the gases especially CO,, but increased pressure due to water depth increases solubility of gases only slightly.
Atmospheric gases are dissolved at the water surface in contact with the air, Wind and waves increase the aeration of the
surface layers. Phytoplankton in the surface layers where light penetrates use CQ, for photosynthesis and refease O, to the
water. Animals and plants both, during the process of respiration, remove Q, dissolved in the water and release CO.,

Grases diffuse slowly to the lower depths from the surface. Ocean currents may play a role.

Cxygen 21% Much lower concentration in water than in air. Slightly sciuble.
Below the light zona {about 100 m} it is less as animals use the oxygen in respiration.
At great depths the conditions are largely anaerobic.

Nitrogen 7a% Much less in waiter than in air. Nitrogen is not very soluble in water.
Very little is found al any depih.

Carbon dioxide 0.04% Concentration in water is much greater than in air.
CQ, reacts with water and is much more soluble than O, or N,
Concentration increases with depth due to lower temperature.

(a) Temperature decreases with depilic At about 1000 m it is about 4°C and remains near freezing below this.
(b} Pressure increases with depth. For every 100 m depth, pressure increases by about 100 kPa.

Oxygen has highest concentration in the upper layers due to diffusion {rom the air and photosynthesis in the light zone.
Oxygen is slightly soluble in water and may be up o about 1.2 mg/100 mi. at the surface. Below the light zone (about 100 m}
itis only about 0,1 mg/1830 mL as Hving things use the oxygen in respiration. At depth, conditions are largely anacrobic except
if cold ceean currents bring in water with oxygen.

Nitrogen is less soluble in water than oxygen.
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5.4.2
54.3

5.5.3

Science Press

{a) Carban dioxide is very soluble in water while oxygen is only slightly soluble in water.
()] CO, is very soluble in water and reacts with waler,
COg) + HO() ~ H,COaq) — H'(ag) + HCO (aq) — 20'(ag) + CO; (aq)

C03, continuously dissolves from the surface and is also produced from animal and plant respiration so carbonates zad
hydrogen carbonates are two of the more commaon anions in sea water.

Temperature drops with depth to about 4°C. Low temperatures decrease reaction rate, Thus low emperatures at great depths
will cause slow reaction rates.

Since corrosion is a chemical reaction, the tow temperatures at depth would inhibit corresion. Corrosion would be very slow,

As lemperature increases, the rate of corrosion increases, bul when the temperature exceeds 40°C the rate of corrosion
decreases. The initial increase in rate of corrosion occurs because increasing temperature causes laster chemical reactions
(harder and more frequent collisions). However, increase in temperature of the water also causes the solubility of gases to
decrease. By about 40°C, the concentration of oxygen dissolved in the sait water is too low for corrosion fo ocour,

(a} Rust would be present in containers with iron and steel in solution - the largest amount in 13, then C with least in A
Copper would show litfle i any corrosion in all solutions,

B — with the highest [(,] would corrode the fastest as O, is needed for corrosion. The samples with Jess O, would
show little corrosion.

The stee! and iron samples would corrode {aster than the copper because copper is an unreactive metal. The
composition of the steel would determine which sample, iron or steel, corroded the lastest.

(b} The sample with salt solution left exposed to the air. This would contain normat levels of O, and would be used to
compare 10 the reduced O, and O, saturated samples.

(c) Metal samples should be the same size and thickness, kept in the same temperature and under the same conditions and
in salt solutions of the same concentration.

{a) Tron and steel in the most concentrated salt solution would corrode the fastest as this would be the best electrolyle so it
would carry electrans fram anede to cathode sites most cfficiently. Copper samples would be least correded as copper
is less active than iron.

(b Tdentical samples of fron, steel and copper in distilled waler.
(c) Oxygen levels, temperature, left for the same time, samples the same size.

Various, ¢.g,

1. Place 6 identical sized samples of iron, steel and copper into separate Petri dishes witl 20 mL ol 1% salt selution in
each dish. Mark the level of the liquid. Cover the dishes.

2. Place 2 of these Petri dishes with each meltal or alloy into the {ridge, at room temperature and into an incabator at 56°C.
3 Leave all samples for one week, checking each day for evaporation of water. Top up samples to the 20 mL mavk with

distilled water as waler evaporates,
4. Examine each sample for signs of corrosion after one week and record observations in a table.
Temperature — near freezing; Pressure — very high (100 kPa for each 100 m depth); Light - total blackness; Salt concentration
— only slightly higher than at the surface; Oxygen concentration — no oxygen or very litite oxygen.

Corrosion would be inhibited due 10 lack of oxygen and the near freezing temperatures. Oxygen is needed for rusting and
reaction rates are decreased at low temperatures.
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6.1.1

6,12

6.2.1

6.2.2

6.2.3

6.3.1

6.3.2

641

0.4.2

(a) Various, e.2. you may have used samples of steel, copper and zine or other metals available to you. Iron or steel should
be one of the metals. The metals need 1o be placed in a variely of solutions of differing pH, such as 0.1 mol 1.7 HCI,
0.00 mol 1" HCL 0.61 mol 1. CHLCOOH, and water. Indicate how you measured the pH of each solution - using
an indicator or probe and data logger. Samples would have been lefl in a warm place for several days before heing
examined Tor corrosion. You should mdicate how you estimated or measured the rate of corrosion.

{b) Various, e.g. the rate of corrosion of metals is faster (or slower) in acidic solutions than neutral solutions.
{(c) Your procedure must be designed (o provide a fair test of your hypothesis. All variables need to be controlled except

for the differing solutions, e.g. metal samples shouid be the same size and shape, solutions should all contain oxygen
and be at the same temperature. 1f these conditions are met, you can assess your procedure as valid,

(d} Various, ¢.g.

The lowest pH (most acidic) sohution produced the most corrosion in the same period of ime.
Fe{sy + MClag) — FeCllag) + H(g) The neutral solution with copper was not corroded at all. The other metals in
water corroded less than the samples in acid.

(a} O mel L7 HC - pH o= 1, 0.01 mol L7 HCL - pH = 2, 0.001 mol L7 BCl - pH = 3and tap water - pH = about 7.
} I

(1) The student’s hypothesis is a statement that can be tested experimentally, so it is an acceplable hypothesis, You would
not expect the resul(s 1o support this hypothesis as your experimental results would have shown that corrosion is faster
in solutions with fower pH (higher acidity).

{c) The products of corrosion in acid solution are soluble, therefore rust will not be evident in the solution in acid
samples. Corrosion needs to be assessed by examining the surface of the metal for holes and pits etehed into the metal,
Alse any change in size or weight loss would indicate corrosion.

Jassivating metals such as Al and Cr have a prolective coating of the oxide on their susface and these metals will not corrode
as long as the coating remains intact,

In neutral solutions, the anode reaction is Fe(s) — Fe''(aq) + 2¢ and the cathode reaction is:

Og) + 2H,0() + de” — 40H (aq). In acid, the cathode reaction is 2H (aq) + 2¢ - H,(g).

The reduction of B has a lower reduction potential and proceeds more easily than the reduction of oxygen.
Therefore corrosion is sceelerated,

Pl is about 8, so it is basic.

Anaerobic bacteria grow wherever (the oxygen content is very low and an organic food source is available. They grow in the
seabed, utilising organic material, ¢.g. dead organisms falling {from surface layers, as their food source. They do not require
oxygen Tor respiration, but use sulfate jons in the sea water instead. They are able to withstand the low temperatures and high
pressures al great depths, They thrive around wrecks where these is a source of organic material such as textiles and wood.

Anacrobic bacteria use sulfate jons in sea water for respiration and they thrive around wrecks using organic material such as
lextiles and wood in the wreek as food.

Electrochentical celis oceur as iron and other metals are present in sait water (an electrolyie). They would be slow to operate
in the freezing temperatures at great depth, however the growth of anacrobic bacteria stimulates the rate of reaction of the
cells by wilising any H, produced and providing a sowrce of M8 (o react with any cations,

The reaction of the LS with cations produces acid conditions and this further acceleraies corrosion. Thus both
electrochemical cells and anacrobic bacteria contribute esormously to the rapid corrosion of shipwrecks at depth,

v . w3 . . cer t erpmde s e . . . « . . . . .
3O, -+ S - 8§ Oxidation number of S in 8O, is +6, in $ (sulfur atoms) is 0, and in sulfide is 2. Decrease in oxidation
number is reduction.

SOY(ag) + 10 (aq) + 8¢ - 1,8(g) + 4H,0(0)
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6.4.3

0.4.4

7.11

7.1.2

7.2.1
7.2.2

7.2.3

1.2.4

Science Press

{a) Metal cations such as Fe™ reacl with H,5: l'-‘ez'(aq) + H5{g) == FeS(s} + 2 (aq)

This reaction produces acid and confributes Lo the acidic microenvironment around wrecks. It also explains the black
deposits (sulfides are black) found on metal artefacts in deep wreeks.

Tron ions will react with water: i’fc"""(ﬂq) + 2H,0{) - Fe(OH),(s) + 2H (ag)

This reaction alse contributes 1o the acid microenvironment. The iron hydroxide then furlher reacts (o form the variety
ol oxides that make upy the rust found on the Tianic.

() Acid accelerates corrosion. The cathode reaction is tkely to become 2H'(ag) + 22" — H,(g). The low reduction
potential of this reaction causes the galvanic cell 1o react faster,

(¢} The Titenric wreek has deposits of black sulfides on the surface of the metals. These ave likely 1o be caused by the
reaction of the metal ons with hydrogen suifide.

2
W3

Fe'(aq) + H,8(g) «== FeSis) + 21 {aq)

The iren oxide compounds making up the long rusticles visible around the ship are oxidaiion products of iron{11)

hydroxide produced from reaction of e’ with water,
Fe™(aq) + 2H,00) -+ Fe(OM),(s) + 2H {ag)

The lack of oxygen and freezing temperatures at depih led to predictions that steel shipwrecks would be unlikely 1o corrode.
These factors were expected 0 slow the rate of corrosion. This was shown to be incorrect afler the wreck of the Fitanic

was discovered in 1985, The hull and artefacts were badly corroded, showing black metal sulfides and long chains of rust,
Research surprisingly showed an acid microenvironment around the wreck and extensive growth of anaerobic bacteria. The
chemical processes taking place have been studied in order 1o explain these observations. The corrosion is believed to be the
result of both electrochemical processes and bacterial action.

Objects from past human societies. These may be oblained from buricd cities, tombs, shipwrecks ete. Examples from
shipwrecks would be ships’ anchors, bells, cannons, passengers’ clothes, jewellery, money, even a button from the uniform of
a crew member,

Chlorides and sulfates are the most commeon anions found in sea water. Any object submerged Tor some time will become
saturated with ions from the sea water, This oceurs in metat objects, glass objects and organic materials such as feather and
textiles.

As the solution evaporates, the solutes form crystals.

(a) As the object dries out the salts will form crystals. The erystals will grow in size and cause pressure within the
structure, weakening the object.

(b} Ceramic and glass objects may crack and break: leather stains and becomes hard; metal objects corrode more rapidly,

Conservators first record information about the site where the artefact was found and its environment. When the object is

raised (o the surface the procedure is:

. Wash the object free of sil{ and sand, then store in a slightly basic solution to prevent drying out and halt further
corrosion.

. Remove concretions of calcium carbonate, corrosion products, sand and marine life that may be attached to the
surface of the ohject,

. Repeated washing in alkaline solutions to desalinate (remove salts).

. Possible electrolysis to remove deep-seated sakts.

. Stabilise and preserve to protect the object {rom further corrosion.

(a) Desalination

(b) Monitor the chloride ion concentration in the wash water. This can be done by precipitation with silver nitrate or by

using a chloride specific electronic probe. As ions sre removed from the object, (he chioride jon concentration in
successive washes drops.
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7.3.1

7.4.

7.4.2

7.5.1

7.6.1

Shipwrecks, Corrosion and Conservation

The metal artefact is made the cathode of an electrolytic cell wilh an inerf anode such as stainless steel and a dilute selution of

NaOH as electrolyte. A Jow current draws the negative iong out as they are attracted (o the anode, Later, a higher voltage can

be used to produce bubbles of H, which help to remove any remaining conereiions.

stainless steel
(inerty anode

object is cathode

NaOH efectrolyta

Anode: 40H (aq) —

2H,00) + Og) + 4¢”

Cathode: 2H,0(1) + 2e¢” — 20H (aq) + Hy{g)

The artefact, such as a piece of cutlery. is made the cathode of an electralytic cell. An inert anode is used and a suitable

cleetrolyte. The metal is reduced at the cathode, releasing the suifide anion (0 move to the anode. Water is oxidised at the anode.

inert anode

larnished siver
object as cathode

elactrolyla saltion

Llectrolysis can reduce metal ions back o the metal, restoring the structure of the object and releasing the anions which are

then removed from the object. The object to be cleaned is made the cathode in the cell and hence the metal ions are reduced.

This cleans the obiect, removing deep-seated corrosion stains. 1t also stabilises the object as further corrosion is stopped.

Qutline of method

Example of use

Electrophoresis

Ohject is placed in an electrolyte between inert
etectrodes. A smail current is applied.

Cleans delicate ceramic and organic materials,
e.g. bankncies, leather goods.

Hydrogen furnace
reduction

Object is placed in an electrical furnace in an atmosphere
of hydrogen. fron compounds are reduced to iron.

Helps 16 restore the structure of badly correded iron
objects.

Acid baths

Soak object in a dilute acid bath,

Calcium carbonate deposits can he removed from
objects such as wood.

Impregnation of wood
with polymers

Wooden object can be soaked in natural plant resins or
PEG uniii the polymer penetrates and sets in the object,

Used 1o restore strength to wooden objects attacked by
micro-crganisms. which destroy cellulosa in the structure,

Apply wax coating or
lacquers

Apply a thin coating of grease, wax or lacquer so that the
appearance of the object is nol changed.

Preserve objects from further corrosion for display, e.g.
in museum.

(a) Maritime archaeology is the study of marine materials produced by past cultures. It includes discovering, examining,

interpreting and conserving marine artefacts and the culture surrounding then

(b) Action taken 1o clean and stabilise an artefact,

(¢} Action taken (o return an arlefact as close as possible fo its original condition.
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7.6.2 Various, There are many suitable projects. The National Maritime museum has many objects from ships involved in exploring
and colonising Australia such as the anchor from the Ferpon, the anchor from the Sirius, cannons from the Endeavonr, many
objects from the Dunbar. The Western Australian Marilime musenm is involved in a project to conserve an engine from a
small steamboat called the Xaniho.

Various, e.g.
S L Lo Projestt e o e Project 2
Details of project The Batavia — a 17th century trading ship wrecked off the | The Xantho — a small paddie steamer, made of iren in
WA coast in 1629, 1848. Converted to propeller engine in 1871, Wrecked oft
Restoring its timber hull which was water saturated and WA coast 1872.
badly decayed by micro-organisms feeding on cellulose in | Engine is conserved - only surviving marine engine made
the wood structure. at that time.
Wash and clean Hull raised in sections, Engine raised in 1985 using airbags.
Washed until free of sediments. Siored in dilute NaOM solution,
Concretions (abodt 2 tonnes) removed by careful
hammering, chipping and the use of oxyacetylene torch.
Then scaked in 5% citric acid with 2% (hicurea to remove
Corrosion produscts.
Dasatinate and Desalinated using dilute sodium hydroxide sofution for Engine taken apart and parts desalinated separately by
slabilise many years. washing with dilute sodium hydroxide for several years.
Electrolysis.
Possibly restore Timbers restored by impregnation with a water sofuble
wax, polyethylene glyeal (PEG) 1o strenglhen timber
structure,
Preserve from further | Timbers dried and structure rebuilt. Parts dried and coated with acrylic lacquer to prevent
corrosion Sealed to preserve. further corrosion. Parts reassembled for display.
7.6.3 Objects from past socicties are important seurces of information about the culture and technology of past human societies,

They provide information for historians, bul they also help us o analyse our position in the continuum of human existence,

They provide scientists with valuable information such as the development of metal alloys and their suitability for certain

purpases. Information from wrecks such as the Tiianic has resulted in an increased understanding of the processes of deep sea

corrosion and the conditions existing at greatl depth. An understanding of the behaviour of chemicals in all conditions is one

purpose of chemistry.
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