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Topic 9 - Oxidation and reduction

Introduction to oxidation and reduction

Early attempts to define oxidation and reduction were based on observations of
the gain and loss of oxygen and hydrogen during chemical change. They can be
summarized as follows.

[ ouirion —eion |

gain of oxygen loss of oxygen

loss of hydrogen gain of hydrogen
o

o o M2 oy ° s
2Mg(s) + Oa(g) — 2MgO(s) 3Mg(s) + Na(g) = Mg3N(s)

20y + 0, —=2M* .+ 20" 3Mg 4 N, 3N 2N

Ox Mg(s) — 2Mg?*(s) + 4’ O 3Mg(s) > 3Mg(s) + 627
fe Oyfg) + 3¢~ 20%() Re Nyg) + 67— 2N*(5)
2Mg(s) + O,(g) = 2MgO(s) 3Mg(s) + Ny(g) = Mg;N,(s)
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Tracking electron transfers is easy with ionic compounds (as there are visible
charges) but more complicated with covalent molecules. This is why we use
oxidation states.

An oxidation state just exaggerates electronegativity values of atoms in covalent

molecules to the point where they would become ions.

In water, O is assigned a negative ox. state as it is more electronegative than H
so would act as a negative ion.

Strategy for assigning oxidation states

There are a few simple rules to follow which help in determining the oxidation state of
an atom in any species. We will use blue to show oxidation states throughout this text.

1 Atoms in the free (uncombined) element have an Mg O, N, Ar
x oxidation state of zero: for example,
0

> Insimpleions, the oxidation state is the sameasthe ~ Mg O* N

charge on the ion: for example, T
2 2 -3

3 The oxidation states of all the atoms in a neutral (uncharged) compound must add

up to zero:

for example, in H,SO,4 the sum of oxidation states = 0.

The oxidation states of all the atoms in a polyatomic ion must add up to the charge
on the ion:

for example, in SO* the sum of oxidation states = 2.

5 The usual oxidation state for an element is the same as the charge on its most

common ion:
for example, Group 1 elements have oxidation state = +1, His usually +1, O is
usually -2.

6 Most main group non-metals, the elements at the bottom of Group 14, and
transition elements have oxidation states that vary in different compounds —
depending on the conditions and other elements present. So for N, P, S, Sn, Pb, and
all transition elements, the oxidation state of the element in a particular species
needs to be determined on a case-by-case basis.

Worked example

Assign oxidation states to all the elements in (a) H,SO, and (b) SO,*.
=+l ‘M _ ' )
H, S0, éé 2-
3

An increase in ox. state is considered oxidation and a decrease is considered
reduction.

2Hy() + Oa9) — 2H0()

0 0 +1 -2

Hydrogen has been oxidized (oxidation state increased from O to +1) and oxygen has
been reduced (oxidation state decr&s@gﬁ&é—l}.}

Worked example

Use oxidation states to deduce which species is oxidized and which is reduced in the
following reactions:

(a) Ca(s) + Sn?*(aq) — Ca?*(aq) + Sn(s) Se
(b) 4)H (@) W 50, >WNO@ + 81,00 —" 13 Yedueed
Solatton ~— — = Ca i3 oxdisel

o R
4NH_33 ++{§5; — lr}\\é R élz(fl
&H o No H(

Redox reactions wiglways contain both processes
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Redox equations

We often break down redox equations intohalf-equations  so that we can see the individual
processes more clearly.

Deduce the two half-equations for the following reaction

Zn(s) + Cu®*(aq) = Zn**(aq) + Culs)
Solution
Assign oxidation states so we can see what is being oxidized and what is reduced.

Zn(s) + Cu®*(aq) = Zn**(aq) + Culs)
0o %2 +2 0

Here we can see that Zn is being oxidized and Cu? is being reduced.

oxidation: Zn(s) - Zn**(aq) + 2¢~ electrons are lost

reduction: Cu?*(aq) + 26" — Cu(s) electrons are gained

Note there must be equal numbers of electrons in the two half-equations, so that

when they are added together the electrons cancel out.

If we know the different species involved in a redox reaction then we can add the two half-
equations together to give the full equation.

Many redox reactions are carried out i acidic conditions so we often add H- and H;O to
balance these half equations.

Ba\af\dﬁ redox aﬂ\\mhm<

Write an equation for the reaction in which NO,~and Cu react together in acidic
solution to produce NO and Cu?*. = H+

H, 0

Solution

. . . B

d and which

are being reduced:
NO;(aq + Cul9) > NOfg) + Cuag) equation is unbalanced
+5 -2 0 w2 w2

Therefore Cu is being oxidized (0 — +2) and N is being reduced (+5 — +2).

Write half-equations for oxidation and reduction.
(2) Balance the atoms other than H and O¢
oxidation:  Cu(s) = Cu®*(ag)
reduct NO;(aq) » NO(g)
In this example the Cu and N are already balanced.

(b) Balance each half-equation for O by adding H,0 as needed.
Herethe reduction equation needs two more O atoms on the right-hand
side:

reduction:  NO;(aq) = NO() + 2H,0()
(¢) Balance each half-equation for H by adding H* as needed.
ducti tion needs four H he lefi-hand side:
reduction:  NOy(ag) + 4H*(ag) = NO(g) + 2H,0()
half-

(d) Bal " with
he (Electrons will he oxid
equation and reactants in the reduction equation.)
oxidation: ( Cul9 > Cutag) +2 Y+ 3 balenced kn)r - ¢1-IAL~,.5
reduction: (NOy(ag) +4H'(aq) + 3"~ NO(g) + 2H,000 3 -
(¢) Now check that each half-equation is balanced for atoms and for charge.
[ in the two half iplying
appropriately.

Here the equation of oxidation must be multiplied by 3, and the equation of
reduction by 2, o give six electrons in both equations:
oxidation:  3Cu(s) = 3Cu™(ag) + 6¢”
reduction:  INO;(ag) + 8H*(ag) + 6e—> 2NO(g) + 4H,0()
Add the two half-equations together, cancelling out anything that is the same on
both sides, which includes the electrons.
3Cu(s) + 2NO;(aq) + 8H'(agq) — 3Cu?*(ag) + 2NO(g) + 4H,0()
1 d charge and h

-

electrons.

O Summary of steps in writing redox equations.
1 Assign oxidati it e

‘which are being reduced.

Write half-equations for oxidation and reduction as follows:
(a) balance the atoms other than Hand O;

(b) balance each half-equation for O by adding H,0 as needed;
(<) balance each half-equation for H by adding H- as needed;

(d) balance each half-equation for charge by adding electrons to the sides
with the more positive charge.

(e) check that each half-equation is balanced for atoms and for charge.

~

3 Equalize the number of in the two half-equations by
each appropriately.
4 Add the two half-equations together. i ing that is the same
rcises
1 Assign oxidation states to all elements in the following compounds:
(a) NHa (d) SO, (g) MnO; (i) KLCrO;
(b) Cudl; (e) Fe,05 (h) PO~ () MnO;
(c) HO (f) NOy
2 i to deduce which species is oxidized and which is reduced in the following
reactions:

(a) Sniag) + 2Fe*ag) - Sn(aq) + 2Fe’(aq)
(b) Cl{ag) + 2NaBraq) - Braq) + 2NaClfag)
(€) 2FeCl{aq) + Clfaq) — 2FeClifaq)
(d) 2H;0(1) + 2F(g) > 4HKaq) + O:(g)
(¢) I(aq) + SO5*(aq) + H;O(1) — 2I(aq) + SO,*(aq) + 2H*(aq)
Deduce the half-equations of oxidation and reduction for the following reactions:
(a) Cals) + 2H'(ag) - Ca(aq) + Hilg)
(b) 2Fe**(aq) + Cly(aq) > 2Fe**(aq) + 2CF(aq)
(€) Sniag) + 2Fe*ag) - Sn(aq) + 2Fe’(aq)
(d) Clag) + 2Br-(ag) — 2CF{ag) + Bry(ag)
4 Wite balanced equations for the following reactions that occur in acidic solutions:
(a) Zn(s) + SO(aq) - Zn*(ag) + SOg)
(b) I(aq) + HSO; (aq) - Iag) + SO,(g)
(c) NOy(ag) + Zn(s) = NH,*(aq) + Zn*(aq)
(d) 1{aq) + OCH{aq) —» I05(aq) + Cr{aq)
(€) MnO.(ag) + H:SOs(aq) — SO.F(ag) + Mn*(ag)

w

1 l:-{L,s'f o) %+ .
+

I 0, = I, +%0

iodine $Ox L = T,+2< .

solbor = Red: HSOQ +}H**Zc'~° SO, .1, 0

HSO‘( +§H'++ a:hq SO? + ]:a Tt Hr_O

4 (a) Zn(s) + SO (aq) + 4H*(aq) — Zn*(aq) +
SO,(g) + 2H,0()

2F(aq) + HSO,(aq) + 3H*(aq) — I,(aq) +
SO,(g) + 2H,0()

NO,-(aq) + 4Zn(s) + 10H*(aq) = NH,*(aq) +
4Zn*(aq) + 3H,0()

l,(aq) + 50Ck(aq) + H,0() — 2I0,(aq) +
5Cl(aq) + 2H*(aq)

2MnO,(aq) + 5H,80,(aq) — 2Mn?*(aq) +
3H,0() + 56SO,>(aq) + 4H*(ac)

(b)

(

)

(d

(

)
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3. Ajustar las siguientes reacciones e indicar en cada caso
las semirreacciones redox y cuales son los agentes oxidantes y reductores.
a) KzCrp07 + HI + HCIO4 — Cr(ClO4)3 + KCIO4 + 12 + H20
b) KIO3 + KI + H;S04 — I, + K;S04 + H,0

4. Dada la siguiente reaccién:
KIO3 + Al + HCI = I + AICI3 + KCI + H20
a) Deducir, razonando la respuesta, qué sustancia se oxida y cudl se reduce.
b) ;Cual es la sustancia oxidante y cual la reductora?
c) Escribir y ajustar las semirreacciones de oxidacion-reduccién, y ajustar
la reaccion global.

5. En disolucién acida el clorato potasico (KCIO3) oxida al cloruro
de hierro (1l) a cloruro de hierro (l11), quedando él reducido
a cloruro potdsico y agua. Ajuste la reaccién por el método
del ion-electrén y calcule el numero de electrones transferidos.

6. | Se sabe que el ion permanganato oxida el hierro (1) a hierro (lI1),
en presencia de acido sulfdarico, reduciéndose él a Mn (11).

a) Escriba y ajuste las semirreacciones de oxidacién y reduccién
y la ecuacién iénica global.

b) ;Qué volumen de permanganato de potasio 0,02 M se requiere para
oxidar 40 mL de disolucién 0,1 M de sulfato de hierro (I1) en disolucién
de acido sulfarico?
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3. Ajustar las siguientes reacciones e indicar en cada caso
las semirreacciones redox y cuales son los agentes oxidantes y reductores.

a) K2Cr207 + HI + HCIO4 — Cr(ClO4)3 + KCIO4 + 12 + H20

e e
+\+ +L -7, ~l-| -\ +\ ey <3 47 -2 4\
2K 4 C—O +H+1 -I-H +C\0 —-)Cr 3(.!0 +k +

-\-7- =|-\-

QT 5 I, +24)3 16, T, up
_@_C Crz 07 ¢ + ‘L\‘H++ ée_\> 2 < ‘_-51- + 7“7,0

6T +¢. O u
R PSS ' = R BI:_ + ¢ Y 7‘”2@

CHT + Keeo,« gdo, = 3T, + 20 {an) 0
3
+21<<10Lr
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Ajustar las siguientes reacciones e indicar en cada caso
las semirreacciones redox y cuales son los agentes oxidantes y reductores.

a) K2Cr07 + HI + HCIO4 — Cr(ClO4)3 + KCIO4 + 12 + H20
b) KIO; + KI + H,SO4 — |, + K,S04 + H,0 D(SPP’for‘q‘onsAﬁu\
AR + - o
KaT0, s E 4\ 20t L So%
R+ al LN LSO + -
(A *—5I-2_+’U< -\-SO"_ 4 ng

O (A1 1, .5-) .5

Radve\an 2.1—03_ +\.2\-?r +10¢” =0 + AH 0,
9 L

DT +2T0; + R 5 ST, + T, « MO
I0kT +2k10, +6H50, = 6T, + LW,0 + Lk, 22
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In basic conditions...

We ot vse H™ Yo Lulme owr e.nl\ml-;ms.
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K2Cr207 - Fe 04 - H2$04 — Cr2k304)3 I Fe24304)3 + K2304
K1 ¢ -2 +Z‘-l asle 43 -2

Ce, O:-r YH" + 6+ —s Z((3§ ?‘Hﬁ
12+ +
%&(ZFC — ZF€3+ + Z€—>

6F<H—"’ 6 F:* ~+ 63’

—_—

- ’; + T+ T 4 L
CQO} + |YH S éﬁ — ZC(J' + LH, 0+ €¢(31'
SeeciRbocs: 6“7‘50‘, 4 LK

1, Os 2 HiS0,+ 6FeSo, —» ((56,), 4 3, (50)
+ kz jov‘ - 7_\-4_2(:
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El estano metalico reacciona con el acido nitrico concentrado

y forma oxido de estano (IV), diéxido de nitrégeno y agua. S" O
D — S
a) Ajuste la reaccion por el método del ion-electron. 2

b) Calcule el volumen de una disolucién de acido nitrico del 16,0 %
en masa y densidad 1,09 g - mL~! que reaccionara
estequiométricamente con 2,00 g de estano.

Datos: Sn = 118,7; H=1,0; N = 14,0; 0 = 16,0.
) Sa +‘s W\JD3 —> ?,\02 + NO, + MO
Shog M NO, — %noz . Kfoz + 0
O Sn v Uk — SAO, 4 4HE+ 4o

Re) <Nl)3 tM v e ND, *HzC’)'Ll-

Sh v M+ 4“03* gn 3540, + (4T, 4MUL+£2(MZ/O
S’\ + 4|4N03 pWh)SI\OZ TW"' LPNDZ'\'MLO

’1‘4‘( [\'P:I\:L'J _,'/LDJ-‘JA ID? 3/{-1
{lé'_?j 252 3 \l-2 by tasS
109 ajm x16 . 0.
2.0 ~ ("-‘4-24-‘)\ g/nl X@ > 0 l74-ﬁ/nl
MA$§
—_— on S = Vvam - ﬂ"
‘§o > Desly Vol ’D:"%"Q
by,
0 |743/n\,
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Oxidising and reducing agents

oxidwd o bornn du
™~ oxidizing reducing ~? M“\"‘—M‘} FC * \MAU )

r)>0
agent agent . , 'A.’
Fe,Oas) + 3C(s) — 2Fes) + 3CO@g) € i \”"‘9 o\
+3-1 0 0 +2 0— + 2L

rSOme examples of useful oxidizing and reducing agents are given below:

+ oxidizing agent: O,, O,, H*/MnO,-, H*/Cr,0,*, F,, Cl,, conc. HNO,, H,0,
» reducing agent: H,, C, CO, SO,, reactive metals

Note that whether a species acts as an oxidizing or as a reducing agent actually
depends on what it is reacting with. For example, water can act as an oxidizing agent
and be reduced to hydrogen, for example by sodium, or act as a reducing agent and be
oxidized to oxygen, for example by fluorine.

* H,0 acting as an oxidizing agent:
2H,0(1) + 2Na(s) — 2NaOH(aq) + H,(g)
+1 0
* H,O acting as a reducing agent:
2H,0(l) + 2F,(g) — 4HF(aq) + O,(g)
-2 0

In fact, water is weak both as an oxidizing agent and as a reducing agent, which is why
it is such a useful solvent for many redox reactions.

10
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Metals and reactivity
A reactive metal loses its valence electrons more easily compared to an unreactive metal. We can
say that a reactive metal will be a stronger reducing agent as it will force its electrons onto
another species.
Zn(s) + CuSO,(aq) = ZnSO,(aq) + Cu(s)
B o oxidied
-~ Zn(s) + Cu**(aq) — Zn**(aq) + Cu(s) Co = v

The zinc has reduced the copper and therefore displaced it from the sulfate ion.

We can use displacement reactions to create a 'reactivity series" (or "activity") for metals.

Mg strongest reducing agent, most readily becomes oxidized

Zn
Fe \IUD ;\‘\ .‘(Ag .
c . i . Z n = ('d "Q)
Ag  weakest reducing agent, least readily becomes oxidized
A 4 axiheed

Worked example n
Refer to the activity series given on page 417 to predlct whether the following
reactions will occur: Z,\ + 2 Aj Y ZAS 3 'Z "
(a) ZnCly(aq) + 2Ag(s) = 2AgCl(s) + Zn(s) I+ 2

[ 4
(b) 2FeCly(aq) + 3Mg(s) — 3MgCl,(aq) + 2Fe(s) 2& + 3“5 - mﬂ -+ 2 :F<

Solution

v
'\:z > M‘V‘d
ov*)«fd

Non-metals and reactivity

Non-metals tend to form negative ions so their reactivity can be measured by their strength of
gaining electrons - ability to act as an oxidising agent.

F strongest oxidizing agent, most readily becomes reduced
cl
c br
Br
I . .

weakest oxidizing agent, least readily becomes reduced

Again this can be verified by reacting one halogen with solutions containing the ions
of another halogen (known as halide ions). For example:

+ Cly(aq) + 2KI(aq) — 2KCl(aq) +I,(aq)

Here the I3 ions are spectator ions so we can write the ionic equation without
showing them:

Cly(aq) + 2I7(aq) — 2Cl(aq) + I,(aq)

The reaction occurs because Clis a stronger oxidizing agent than Iand so is able to
remove electrons from it. In simple terms, you can think of it as a competition for
electrons where the stronger oxidizing agent, in this case chlorine, will always ‘win'.

Exercises
8  Identify the oxidizing agents and the reducing agents in the following reactions:
(a) Hy(g) + Clg) = 2HCI(g)

(b) 2AIS) + 3PECI(s) — 2AICI(S) + 3Pb(s)
(©) Claq) + 2KI(aq) — 2KClfaq) + biaq) W » XCI =
(d) CH.(g) + 204(g) > CO{g) + 2H:0() WCl +X

Use the two reactivity series given to predictwhether reactions will occur between the following
reactants, and write equations where relevant

@(a) cuc+Ag X (b) Fe(NO;),oAI/ () Nal +Br, / (@ Kkclel, X

(a) Use the following reactions to deduce the order of reactivity of the elements W, X Y, Z, putting the

most reactive first.
WaX > W+ X X+Z* X +Z
Y*+Z — no reaction X+Y X +Y
(b) Which of the following reactions would you expect to occur according to the reactivity series you
established in part (a)?

(i) W+YoW+Y" X
@) wWzZoweze ¥

8 (a) reducing agent = H,(g): oxidizing agent = Cl,(q) () 2Nal(ag) + Brfaq) — 2NaBr(aq) + l,(aq)
(b) reducing agent = Als); oxidizing agent = Br is a more reactive non-metal than |, so is
2+ '
Pb(s) able to oxidize I-.
(¢) reducing agent = IHaq); oxidizing agent = (d) KCl(ag) + l,(aq)
5 y
L(ad) No reaction, Cl is a more reactive non-metal
(d) reducing agent = CH,(g); oxidizing agent = than I.
0,

10 (@ W>X>Y>Z

9 (@ Cullfad) +Ade) (b) (i) no reaction

No reaction, Cu is a more reactive metal
than Ag.

(b) 3Fe(NO,),(aq) + 2Al(s) — 2AIINO,),(aq) +
3Fe(s)
Al'is a more reactive metal than Fe, so is
able to reduce Fe**.

(i) no reaction

January 15, 2015

11



Topic 9 - Oxidation and reduction.notebook January 15, 2015

What do you call a reaction in which a species is both

1

reduced and oxidised?

D;s prep orkignation

Cl, + NaOH --> NaCl + NaCIO + H,0

12
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1 Analysis of iron with manganate(VIl)

This redox titration uses KMnO, in an acidic solution as the oxidizing agent, which
oxidizes Fe2* jons to Fe}*. During the reaction MnO,~is reduced to Mn?*, so the overall

equation is:
SFe?* + MnO, + 8H* — 5Fe? + Mn?* + 4H,0
purple colourless

The reaction is accompanied by a colour change from deep purple to colourless, so the
ct reaction acts as its own indi signalling the equival point.
MM

"Se86
3 Jad  Allthe iron ina 2.000g tablet was dissolved in an acidic solution and converted to
Ee?*. This was then titrated with KMnO,. The titration required 27.50 cm® 0f0.100
moldm= KMnO,. Calculate the total mass of iron in the tablet and its percentage
by mass. Describe what would be observed during the reaction, and how the
equivalence point can be detected.

Solution
First we need the balanced equation for the reaction, which is solved by the half-
equation method described earlier.

oxidation: Fe** — Fe® + e~

reduction: MnO,” + 8H* + 5¢— Mn?* + 4H,0

overall: 5Fe?* + MnO,~ + 8H* — 5Fe?* + Mn2* + 4H,0

Next we need to know the amounts of reactants used to reach equivalence. We star|
with KMnO, as we know both its concentration and its volume.

n=cV
27.50
1000
From the equation for the reaction we know the reacting ratio:
MnO, :Fe**=1:5
.. mol Fe?* = 0.00275 mol MnO,” x 5=0.01375 mol

n(MnO4) = 0.100 mol dm™ x

dm?=0.00275 mol MnO4~

M(Fe) = 55.85 g mol™!
Do
.. m(Fe) =0.01375 mol x 55.85 g mol™ =0.7679 g

% Fein tablet = 27538 « 100 = 38.30%
2000

.. Fein tablet = 0.768 g, 38.4%

MnOy in the burette is purple, but forms a nearly colourless solution in the flask as
it reacts to form Mn?*. But when the reducing agent Fe?* in the flask has been used up
at equivalence, MnO 4~ ions will not react and the purple colour will persist.

2 lodine-thiosulfate reaction

Several different redox titrations use an oxidizing agent to react with excess iodide ions
to form iodine.

2I-(aq) + oxidizing agent — I,(aq) + reduced product

Examples of oxidizing agents used in this way include KMnOy, KIO3, K,CryO;, and
NaOCl.

The liberated iodine, I, is then titrated with sodium thiosulfate, Na,S,03, using starch
as an indicator.

Redox equations:
oxidation: 28,0,*” — S,0,> + 2e~
reduction: I, + 2e” — 21~

The overall equation is:

28,0477(aq) + I(aq) = 2I(aq) + $,0,(aq)

deep bluein . colourlesr

presence of starc]

The starch indicator is added during the titration (not at the start) and forms a deep
blue colour by forming a complex with free I,. As the I, is reduced to I during the
reaction, the blue colour disappears, marking the equivalence point.

Worked example

Household bleach is an oxidizing agent that contains sodium hypochlorite, NaOCI,

as the active ingredient. It reacts with iodide ions in acidic solution as follows:
OCl(aq) + 2I(aq) + 2H*(aq) — Iyag) + Cl(aq) + H,0()

A 10.00 cm® sample of bleach was reacted with a solution of excess iodide ions, and

the liberated iodine was then titrated with Na,S,0;. The titration required 38.65 cm*
of 0.0200 mol dm™ Na,$,0;. Determine the concentration of OCI™ in the bleach.
—

Solution

The concentration of the OCI”in the bleach can now be calculated.

n(OCl) =c¢V

10.00
1000
[OCI] =0.0387 mol dm™

. 3.865x 10*mol = ¢ x dm?

January 15, 2015
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Exercises

1

12

11

12

A bag of ‘road salt, used to melt ice and snow from roads, contains a mixture of calcium chloride,
CaCl, and sodium chloride, NaCl. A 2.765 g sample of the mixture was analysed by first converting all
the calcium into calcium oxalate, CaC,0,. This was then dissolved in H,SO,, and titrated with 0.100
mol dm™ KMnQ, solution. The titration required 24.65 cm® of KMnO,(aq) and produced Mn*(aq),
COAg). and HOl).

(a) What would be observed at the equivalence point of the titration?

(b) Write the half-equation for the oxidation reaction, starting with C;0,*".

(c) Write the half-equation for the reduction reaction, starting with MnO,".

(d) Write the overall equation for the redax reaction.

(e) Determine the number of moles of C;O%.

(f) Deduce the number of moles of Ca** in the original sample.

(8) What was the percentage by mass of CaCl; in the road salt?

Alcohol levels in blood can be determined by a redox titration with potassium dichromate, K,Cr,0,
according to the following equation.
C;H:OH(aq) + 2Cr,O,*(aq) + 16H*(aq) — 2CO,(g) + 4Cr*+(aq) + 11H,0(l)

(a) Determine the alcohol percentage in the blood by mass if a 10.000 g sample of blood requires
9.25 cm? of 0.0550 mol dm=* K,Cr,0, solution to reach equivalence.
(b) Describe the change in colour thatwould be observed during the titration.

(a) Solution changes from purple to colourless
(b) C,0,2(aq) — 2CO,(g) + 2e"
(¢) MnO, (aq) + 8H*(aq) + Se- = Mn?{aq) + 4H,0()

(d) 2MnO,-(aq) + 16H+aq) + 5C,0,(ac) —
2Mn2+(aq) + 8H,0() + 10CO,(q)

(e) 6.16 x 102 () 6.16x 103
(9) 24.7%
(@) 0.117%

(b) Solution changes from orange to green

14
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Electrochemical cells
—_—

The fact that imimedi link
tween this ype i Th this
known ical cells, of in types.
electrochemical cels
I8 2.

We will consider each of these types of cellin turn.

Voltaic cell

s

We have seen the displacement reaction between copper and zinc in which electrons
spontaneously flow between the Zn and Cu#* to form Zn* and Cu.

oxidation  Zns) = Zn™(aq) + 2¢"and
reduction Cu*laq) + 26— Culs)

The energy is released in the form of heat (an exothermic reaction).

If we seperate these 2 half-reactions into "half-cell
an external circuit - creating ELECTRICITY!

This i called a voltaic cell .

i metal

s opperti)
swip zincsufate sutae solution
Solution.

s " and allowing the electrons to flow through

soluion zin  soluton sinc

Z0aq) + 267

eectrons toform Zn atoms, o an equilbrium existsasfollows:
Znoaq) + 267 Znl)

halfcel, and depends on the reactivity of the meta.

equivalent reaction:

Cut*ag) + 267 Culy)
"

il

i et copper metal
p i

snc copper
e Soe
luion Lo
20 (a0 + 207 @200 )
Snegatve charge o4 i 3 posivechage

equilibrium in the zinc haf-cell.

“Two connected half-cells make a voltaic cell

occurs here.
thezineectrode and it has  negativecharge:
20> Znaq 267

electrode and it has  positve charge:
Cu*lag) + 26" = Culs)

the ircuitis complte.

Ouidaton

cathod (+)
Zol) e 20+ 27 () + 207 = ol
et enction: 2o + Cu(aa) = Z04%0) + Cul)

Instead of drawing the entire diagram, we often represent voltaic cells usingeell diagram

convention:

saltbridge  phase boundary

electrode and an aqueous slution within  halfcell
+a double vertcal ine representsthe sat bridge:

Zn(s)| Z0™*(09) | Cu™* aq) | Cute)

cathode

reduction

from lefttoright:
 spectatoronsare usually omittedfrom the diagram;

electrons flow this way

same phase see page 434

Write a cell diagram for this voltaic cell:

e o 420 A+ A
Mt rcton:Cus) + 204°a) — G0 + 2085

In summary:

1

e () i)
o s micon s

Exercises
1

Cugy \Cf’m \ Aj(.,,.\Aj I

e ot
et

4 (a) Draw avotaic celwith one half-cel
consising of Mg and a solution of
Mg? ions and the other consisting
0f2n and asoltion of 2 ors.
Label the lectrodes with name snd
charge,the direcion ofeectron and
Jon movement, and wrie equatons

3
25 ofthe IB data booklet to predict which

electrode.

()

half-cellsare connected. Write half

e 1
exch eectode.
(@) Zn/zeé* and Fefe”
(B) Fe/Fet and Mg/Mg*
(€) Mg/Mg* and C/Cu*
) 2z
20+ 25 2€7 A0Adn + pude
To/mett

RS T 9 R

G(E‘O*{

24

: M_A)cssl j(:})“ﬁ:q[

2
P RO

(&)

- 0y+ G
ms ’_‘4&&7‘%‘
bl

G— ¢ |

fe

_ F{lne"

Qzﬁ fe — Cv*&z‘

Shodad hidomgen dyfad, 277
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Standard electrode potentials

0

tothe units used.

(@)1t
an sl base unit, from which other units are derived.

1 ampere.

in1
i is1.602x10°C,
9648534 C mol”!, known as a faraday (F).

i is1.602x107C,501
acharge of 9648534 Cmol.

Vegxct

istay

‘generating electrical energy.

through all components.

Standard electrode potentials

Volaic cells generate apotential difference.—(caused by one half-cell having a greater tendency to undergo
reduction) that we call (EMF) " This means that el
the other.

willflow from one electrode to

This potential generated by the EMF is calla cell potential ~ or electrode poteritial (E) . The size of E depends
on the tendencies of each half-cell to undergo reduction.

To compare different half-cells we must create a cell with each one and a reference electrode - thestandard
hydrogen electrode (SHE)

P
e

- s

Fre s
Lok s tuberwith o @ | elecrode potartial
o " value of OV.
Jortd | St
X 2| toesape

scdsoton—- S -
i
10mol dm-> ~) Qe
H*(aq)
Measuring standard electrode potentials N

S : (Ll

messurements,deined s follows:

all solutions must have a concentration of 10 ml d™;
ll gass mustbe st pressureof 100KkPs

sl substancesused mst be pure;

temperaureis 208K:

Halfcell underthese conditons re known 35 standard half-cells

e EMF

g Onolha 2 63ideha,
onons s e e ) Cellobe 4 redihry

B, oy
.
E

aathode :0: /-‘N b <oppes

S Cappy s .-c.&u.é\
- L‘!l"‘&"‘ is oxihced

Write a ull equation for this
redox reaction:

Hlg) e )+ 20 Cutoa) + 20 e ol

Hz LIS g W v Ca
Pl A0 0

Corgt “*/(c:'_\,qm
@ e w ¥ W
Ny oS ull cquation o s

redox reaction:

ege
reduced than Hr.

et o \

Zn(9) | Zoaq) | HGa) | Hi@ | Pt}

el bl
iy frrwnte
Oxidzed species | | Reduced species . 4 {7 298 K SHE
incssng 200+ 20 “0paken
e g Lo a2
reduction e 20 034 ke X hg
Aga+ e 080 A 0>:ddp,
“The following points should be noted: [2L8 anode
-l O values refe 0 the reduction action:
P
halel,

How can we use this data?

1 Calculating the cell potential, £

B0 = ERucat wbor et ccors ~ ERukce wbor cnbgn o

Kol (ke Vsine ny 2 Male- catts )

data tables

| vy s

s o b BT e T Y e ik,

the total number of clectrons shown in

P/
(‘*Lm

Standardcecaadapotentia dus fr thes alf<cl 298 K ar:
P ) =076V
E o+ 2= Culy o=y
<an

il axidized. Eetrons low from zinc to copper
2= BBt s~ EB o e
8= ER—ERr = +034-(076) V= +L10V
“The inc hlfcel i the anode and the copper alf-cllisthe cathode.
Zols) Qg = Zo(aq) + Cls)

lls, for which E®
witha cell diagram.
(i) MnO.{aq) + 8H*(ag) +5e~ = Mn**(aq) + 4H,0() EO=+151V
(i) 10;aq) + 2H*(aq) + 2~ = 105-(aq) + H,0() Fo=+160V
sgwion il BN v
By 4 2
— By
[, el E -e* r
2% S i b [ redicad
—eLa0V- 1519 1 .
-0V ¥
Toblanc theequtons o dactros, liply ( by 2and 0 by 5. Then add the

510,(aq) + 2Mn**(aq) + 3H,0() — 510;-(aq) + 2MnO,(aq) + 6H (aq) =+ l~‘° - | Sl
Pt | Mn**(aq), MnO;-(2q) | 10,2, 105(aq) | Prts)
anodehalfcell  cathode halfcell
oxidation reduction

January 15, 2015
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2 Determining spontaneity of a reaction

- If Ey is positive, the reaction is spontaneous as written.

« If E&y is negative, the reaction is non-spontaneous, and the reverse reaction is
spontaneous.

€ . ¢ °

P

Worked example — -

Er— ; Ce “ 'u( é,

Use E® values to determine whether the reaction oX
Ni(s) + Mn?*(aq) = Ni**(aq) + Mn(s)

will occur 1

i P under standard conditions. €A — < I&
Solutlon M - 60 Zé A\ I‘
The data values are Ias follows

Ni?*(aq) +2¢ — Ni(s) E®=-026V ( Wb : é aL (/

Mn?*(aq) +2e~ — Mn(s) E®=-1.18V
In the reaction given, Niis being oxidized and Mn?* is being reduced. S . ‘
Substituting in the equation: f A\ s
w\ W
EQn = ERutf cell where reduction oceuzs — ERf cell where cxidation occurs N N S

E@y = Efu- ~ ERe =—1.19 - (-0.26) =—0.93V l‘d\l l
The negative sign for E®, tells us that this reaction will not happen spontaneously. In

this mixture the reaction that occurs will be the reverse reaction, o n d‘ A A e ‘t\
Ni**(aq) +Mn(s) — Ni(s) + Mn?*(aq)

\$ on-S
(NATUREOFSCIENCE | .
’\\‘Nb\lg

Research into microbial fuel cells (MFCs) is a good example of the interdisciplinary nature of
much scientific research. In this case, the combination of expertise in engineering and design
technology with microbiology, molecular biology, and chemistry helps scientists understand
how microbial ecosystems work and can be used to generate electricity. Teamwork and
collaboration can create a synergy, in which the combined product of understanding is greater
than the individual contributions. In research this can help to achieve a common goal that is
beyond one scientific field.

Electrode potential and free energy change (E ., and AG)
We have now come across two quantitative measures of the spontaneity of a reaction,
E®) and the free energy, AG®, introduced in Chapter 5. These two values are directly
related through the equation:

AG® = —nFE®
where

* n =number of moles of electrons transferred in the reaction;

« F = the charge carried by 1 mole of electrons, known as the Faraday constant (it has a
value of approximately 96 500 C mol-). Q -

Lu + Lo

The units of the terms in this equation confirm the relationship:
AG® (J) =—n (mol) F (Cmol ) E® (V)as] =CxV
The negative sign in the equation indicates that E and AG have opposite signs:

* when E&)) is positive, AG® is negative = reaction is spontaneous;
» when E9, is negative, AG® is positive = reaction is non-spontaneous;
* when E&) is 0, AG®is 0 = reaction is at equilibrium.

Worked example

24
Calculate the standard free-energy change at 298 K for the zinc—opper voltaic cell, Z\ + 2 L—
which has a standard cell potential of +1.10V. >
Solution Znu T

2 & -
First write the equation for the overall cell reaction, as we need to know the number C-t.\ < 2 Y -ﬁ ( |
of electrons transferred. We deduced this on page 437.

Zn(s) + Cu**(aq) = Zn**(aq) + Cu(s)

AG® = — nFE® Z 2
Y
=—2(mol &) x 96 500 (C mol™) x 1.10 (V) n -
S =212,000] ( 2 ‘92\ + ZQ
- AG®=-212K] (VY -
Y2
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3 Comparing relative oxidizing and reducing power of half-

cells
Oxidized Reduced ES IV
species species

increasing 24, _ = _ increasing
strength as Zn*(aq) + 2¢ Zn(s) 0.76 strength as
oxidizing H+(aq) + e- = | %H,q) 0.00 reducing
agent agent

Cu?*(aq) + 2e- = | Culs) +0.34

Valy(s) + e~ I-{aq) +0.54

1Cly{g) + e~ = | CIHaq) +1.36

Worked example

A solution containing potassium manganate(VII) and concentrated hydrochloric
acid reacts to form chlorine gas. Identify the strongest oxidizing agent in the solution
and calculate the standard cell potential.

MnO,(aq) + 8H* + 5¢- — Mn**(aq) +4H,0(l)
Y4Cl,(g) + e~ — Cl(aq)

E®=+1.51V
E®=+136V

MnO,(aq) is the stronger oxidizing agent as it has the higher value for E® so it will be
reduced.

Egll = Eg.lf-cdl where reduction occurs — Eﬁl’-{!ﬂ where oxidation occurs

E®) =Ef.0,"— 8, = +1.51 - (+1.36) =+0.15V sc:n\""“- N

Mindy (oq)+ 35+ 5CC (ag) P M2 g Ve ity

+ Tl
K hele by 2 4 ke S0), 2 Claly)

Exercises

16 Given the standard electrode potentials of the following reactions:

% CP*(aq) + 3e” = Crfs) E®=-075V
R Cd*(aq) + 2e- = Cd(s) F®=-040V
calculate the cell potential for
2Cr(s) + 3Cd*(aq) — 2Cr+(aq) + 3Cd(s)

17 From the half-equations below, determine the cell reaction and standard cell potential.
wBrOy(aq) + 6H"(aq) + &~ — Br(aq) + 3H;0 E®=+1.44V
§ d5)+2e - 2ag) E®=+054V

18 From the following data

Cu?(aq) + 2e — Cufs) E®= 4034V
y Mg"(aq) + 2¢ — Mgls) E®=-237V
Zn?*(aq) + 2&” = Zn(s) E®=-076V

identify the strongest oxidzing agent and the strongest reducing agent.
19 Using the data Tor £° values in questions 16-18, predict whether a reaction will be spontaneous

between the following pairs. .
Cr— oxidish

~(a) Cu*"(ag) + Is)
-~ (b) Cd(s) and BrO;7(aq) in acidic solution ¥
« (€) Crls) and Mg*(aq) f’lle =) rtded
White equations and calculate the cell potentials for¢he reactions that will occur as written.
20 The standard electrode potential for the reaction
Alls) + Cr*(aq) — AP*(aq) + Crfs)
is 0.92V at 298 K. What is the standard free-energy change for this reaction?

January 15, 2015

Oxidized sp

Yal(s

Fe¥(aq

Ag'(ag

%Bry(l

%0s(g) + 2H (ag)
Cr,0;7(aq) + 14H (aq)
%Cli(g

MnO;(aq) + SH™(ag)

YaFa(g

16 .

17

18

19

20

&  337--275
Eu)‘ -
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Electrolytic cells

An external source of electricity drives non-spontaneous
redox reactions

Electrolysis is the opposite process to what happens in voltaic cells. We use an
electrical current  to force a redox process to occur, giving us useful products.

-

The reactant in the process of electrolysis is present in the electrolyte. This is a liquid,
usually a molten ionic compound or a solution of an ionic compound. As the electric
current passes through the electrolyte, redox reactions occur at the electrodes,
removing the charges on the ions and forming products that are electrically neutral.
The ions are therefore said to be discharged during this process.

Why are the metals in Al ;O3 and NaCl difficult to extract using normal chemical reactions?

Reactive metals, including aluminium, lithium, magnesium, sodium, and potassium,
are found naturally in compounds such as Al,O; and NaCl where they exist as positive
ions. Extraction of the metal therefore involves reduction of these ions. But this is a
pmblem because, as we saw earlier, the E® values of these reactive metal ions are so
low that there are no good reducing agents available to do this.

inert

« The source of electric power is a battery or a DC power source. This is shown in
electrodes  — | Cathode

diagrams as | | where the longer line represents the positive terminal and the shorter
line the negative terminal.

« The electrodes are immersed in the electrolyte and connected to the power supply.
They must not touch each other! Electrodes are made from a conducting substance —

cations are generally a metal or graphite. They are described as inert when they do not take part
reduced here in the redox reactions.

anions are
oxidized here

—_— = — « Electric wires connect the electrodes to the power supply.
electrolyte

Remember: - Voltaic cell Electrolytic cell

Anode oxidation occurs here negative | oxidation occurs here positive
m reduction occurs here positive  reduction occurs here negative

Worked example

Describe the reactions that occur at the two electrodes during the electrolysis of \
molten lead(Il) bromide. Write an equation for the overall reaction and comment on
any likely changes that would be observed.
-
‘PBPN PLB(z =0 By, t
2 (L s\

\

- - (A _
2’br(‘)——4 B(Z(I')"QC ?\D({QQ_ e Pl)

When extracting sodium from sodium chloride we often add calcium chloride to the mixture undergoing
electrolysis. Why?

Tr edvee the tedWNng poinY,

Will this addition affect the products of electrolysis? anode [
Ca®*(aq) +2e™— Ca(s) E®=-287V
Na*(aq) + e~ — Na(s) E®=-271V

molten Na collects

+ . .
NA S More I \ Mb h b‘ N’ Va) 201-() — Cly(g) + 2e- 2Na*(}) + 2e- —> 2Na(l)
S0 ﬂ\ e J 1..' hm C‘\'l‘r w, “ ‘\o\_ molten NaCl electolyte

I‘ﬂ.cd e (mJ‘w,\—f of eln.dm,\v 5.

Worked example

Describe what you would expect to observe during the electrolysis of molten
copper(Il) chloride. Explain your answer in terms of the redox reactions occurring at
the electrodes, including equations in your answer.

/\\ (@Y PN Cin
q, 6
“
“l - Gy+2¢
6)
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Electrolysis of aqueous solutions

Jectrod

reduced.
+ Atthe cathode, HO can be reduced to Hy
(5} 2H,0() + 26~ — Hy(g) + 20H-(aq)
« Atthe anode, HO can be oxidized to Oy
(+ IH,0() = 4H'(aq) + Osg) + de-
Sowh
possibleat each electrode. Specificaly:

«at the anode: either A~ or H,0 can be oxidized;
- at the cathode:either M* or H,O can be reduced.

anionat
The outcome is determined by the following factors:

 the relative E® values of the ions;

theions in
 the nature of the electrode.

Electrolysis of H

1 lons present
NiOH(ag) — Na'ag) + OH )
cathode

Atthe cathode, possible reactions are:

Na'(ag) + = Na(s)

oD T =T~

SoH,0is preferentially reduced and H(g) will be discharged.
Atthe a

. possible reactions are:
Frefered
T

potential
oxidized and Oy(g) isdischarged.

OHr(ag

Electrolysis of NaCl  (often referred to as brine)

Nacl ine. Electrolyss of dion leads to the
production of H(g), Clyg), and NaOH (ag), ll of which are of commercial importance.
I lonspresent:

NaClag)

- Ne@y + Cag

©
cathode

©
anode

water. So H,

2H,0() + 26" Hyfg) + 20Haq)
Atthe anode, possible reactionsare:

2H,0() = 4H"(aq) + Osfg) + 4~
20(aq) = Clfg) + 26~

the situation here s a bit more complicated.

« When the concentration of Cl-is lo
0, a3 given in the electrolysis of water.

ot H,0 s oxidized,leading to the release of

- But when, more typically, the
by mass of he solution, the CI-
of Cly(g). The industripl electroly
NaCl to ensure the discharge of Cly(g).

oncentration of NaClis greater than about 25'

the releas:
brine d

/Du Cb'\a/\\'\o\‘n‘u\ ,f 'H.\l Nacl
igorkt fache the podockin ,
Net oy Be 0 g,

Electrolysis of CuSO g

1 lonspresent:

CusOag) - Cu'@g) *+ SOF(ag)

— afpeor

on (graphite) or other ‘inert electrodes (u( ?‘b\'fnh)
Atthe cathode, possible reactions are:
Cu®(aq) + 2¢” — Culs)
H,00)+ 25— Hy + 20H-6g)
So Cu* is preferentially reduced and Cu(s) s discharged.

2n, 0",* 0, :,

¢,

n Sal.lh',,\ .

The akvre o
elehvhes can alsu

January 15, 2015

These fhtkrs wl {Af,mq ik
(Jrnhch e 34«

2O (Small amount of NaOH is dissolved to increase electrical condukivity

An important use of H ;7

H-ldnjn fv“ Ms

Over:

be — Loyt

(Go)

1)

<

" =
4”(‘*"\0-, l\—ﬁ-g ___,ZHZD

123 v

This process is very
important as it provides both
Cl, and NaOH from the same
process. These are both
industrially important
chemicals

1 -2¢°

[ 36V

1S M

t O o

the
Hhe fn-}vb\?.

\’n{—v\—d

Atthe anode, HO i preerentially oxidized: (g Sa“’ canni¥ be oxidind < Na¥ in debn L'M‘)’)

2H,0() = 4H(ag) + Og) + 4o~
5 The overall balanced equation is:

20uS0(aq) + 2H;0(1) > 2Cu(5) + O,(g) + 4H'(aq) + 250,
‘The observed changes atthe electrodes are as follow:
pinky brown colour of copper deposited on cathode; 20,50,
 colourless gas (O, evolved at the anode;
+decrease in pH of the solution due to release of H*ions;
“loss of intensity of blue colour due to discharge of Cu™(ag).

_ge.

s

per electrodes

Cu*(ag) * 26— Culs)

bove. The G

asQuaq):
Culy) > Cutag) + 26

anode tothe cathode where s disharged as Cu)
‘The observed changes at the electrodes are as follows:
pinky brown colour of Cu deposited on cathode;

- disintegration of Cu anode;

“no change in the pH of the solution;

s

“no change in the intensity of the blue colour of the solution as Cu™* ions are both
formed

impure pure
copper anode copper cathode

Cuy— C2(aq) + 26

sludge containing

electrolyte containing
impurities

Cu(yq €8 CUSOsq)
Questions
What can be deduced from this image of the electrolysis of SnCh?

Anode
Za- aﬂﬁU

Cato g

n
€
15 () Describe fuly AChisa)
®) y s clectode instead?
%
during the electrolysis of NaCl).

This i used in the purification of copper...

Cu(ag) + 26— Cugy

S*

21
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Faraday and electrolysis

We can quantify electric charge as follows: = y t
« charge = current x time 2' Currn A\ e ( 5)
ds on the current, I measured in

So: Charge, Q measured in coulomb (C), de e
amperes (A) and the time, t measured in seconds (s).
« The charge carried by one mole of electrons, known as a Faraday (F) introduced on

page 432,is 96 500 C. Ck‘e‘ mw Lj ‘ r-\.\ d‘dﬂ/\s

We can now relate laboratory measurements to the amounts of product as follows.

I
current (A), mass of product
time (s) (m)
charge moles of [)
Q=1It ©) product (n) m=nxM
C=Axs number of
| faradays (F)

Q =molesof | use mole ratio

F=—xX_ , :
I 96500 electrons in equation -F— 3 +

Worked example

(a) How many grams of copper are deposited on the cathode of an electrolytic cell
containing CuCly(aq) if a current of 2.00 A is run for 15.0 minutes?

(b) How would the amount differ if the same conditions were applied using
CuCl(aq) instead?

(b) The equation for discharge from CuCl(aq) is
Cu*(aq) + e — Cu(s)
= 1mole :1mol Cu
.. 0.01865 mol e~ — 0.01865 mol Cu
m=nxM
.. 0.01865 mol e * 63.55 gmol' =1.19g Cu

Therefore the amount of product depends on the current, duration and charge on the ions
S— —

NaCl{l) electrolyte
at cathode: Na*(l) + e — Na(l)
Imoleof 1mole
electrons  of Na
PbBr,(l) electrolyte
at cathode: Pb¥*{() + 2¢ — Pb(s)

2molesof 1 mole
electrons  of Pb
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Electroplating

How could | cover a copper coin in a silver
coating?

I
O + - N

O,;\fa@ Aﬁ* te —y Aj

L— —
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1 Four electrolytic cells are constructed. Which cell would produce the greatest mass of metal
at the negative electrode (cathode)?

o N = P>

Electrolyte Current/ A Time /s
1.0 mol dm=3 CuSO,(aq) 1.0 500
1.0 mol dm AgNOs(aq) 2.0 250
1.0 mol dm? CuSO,(aq) 1.0 750
1.0 mol dm-3 AgNO4(aq) 1.5 250

2 Which species could be reduced to form NO,?

B NO;- C HNO, D NO

3 The standard electrode potentials for two metals are given below.
AP*(aq) + 3¢~ = Al(s)
Ni**(aq) + 2e~ = Ni(s)
What is the equation and cell potential for the spontaneous reaction that occurs?

ES=-1.66V
ES=-0.23V

A 2AB*(aq) + 3Ni(s) — 2Al(s) + 3NiZ*(aq) E®=-1.89V
B 2Al(s) + 3Ni**(aq) — 2AR*(aq) + 3Ni(s) E®=-189V
C 2AP*(aq) + 3Ni(s) — 2Al(s) + 3Ni**(aq) E®=-143V
D 2Al(s) + 3Ni**(ag) — 2A1*+(aq) + 3Ni(s) F®=-1.43V

4 For the electrolysis of aqueous copper(ll) sulfate, which of the following statements is

correct?

A Cu and O, are produced in a mol ratio of 1:1
B H, and 0, are produced in a mol ratio of 1:1
C Cuand O, are produced in a mol ratio of 2:1
D H; and O, are produced in a mol ratio of 2:1

12 (a) An electrochemical cell is made from an iron half-cell connected to a cobalt half-cell:
The standard electrode potential for Fe?*(aq) + 2e~ = Fe(s) is —0.45 V. The total cell
potential obtained when the cell is operating under standard conditions is 0.17 V. Cobalt is
produced during the spontaneous reaction.

(i) Define the term standard electrode potential and state the meaning
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vortn"l‘eter of the minus sign in the value of —0.45 V. (3)
N (ii) Calculate the value for the standard electrode potential for the
Satbridge cobalt half-cell. (1)
Fe (i) Deduce which species acts as the oxidizing agent when the cell is
operating. (1)
(iv) Deduce the equation for the spontaneous reaction taking place

when the iron half-cell is connected instead to an aluminium half-
cell. 2
Fe¥'ag) (v) Explain the function of the salt bridge in the electrochemical cell. (2)

(b) Deduce the oxidation number of cobalt in the following species.

() [Co(H,0)¢* (U]
(il) Coy (S0 (1
(iii) [Cocl- (1)

(c) An electrolytic cell is made using a very dilute solution of sodium chloride.
(i) Draw a labelled diagram of the cell. Use an arrow to show the direction of the electron

flow and identify the positive and negative electrodes. 3)
(i) Give all the formulas of all the ions present in the solution. (2)
(iii) Predict the products obtained at each electrode and state the half-equation for the

formation of each product. (3)
(iv) Deduce the molar ratios of the products obtained at the two electrodes. (1)

(d) Predict the products by giving the relevant half-equation for the reaction occurring at each
electrode if the electrolyte of the cell described in part (c) was changed to:
(i) concentrated sodium chloride 2)
(i) molten sodium bromide (2)
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