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Chapter 11
Oxidation and Reduction

Transferring Electrons

In the previous chaper we discussed acid-base reacnons, which are chemical
reactions that involve the transfer of protons from one reactant 1o another. in this
chapter, we explore reactions that inalve the trensher of ané of more secinons
from ore reactant to ancther. These are called oxbdation-reduction reactbons.
and a common example & the buming of wood, Wood s mainly cellulose, a sub
stance made up ol carfan and hydrogen. A4 wood burns, 5 carbon-hydrogen
bonds break and the carbon and hydrogen atoms form new bonds with oeygen
mcbecules in the air to create carbon diokide and water. The formation of these
products mvelves the transfer of electrond lram one atoem 1o another and s |8 by
definiticn an oxidation-reduction reaction

We begin exploring cwodation=reduction resctions by defning necessary
rermL With the backgraund on chemical reachions geen in Chapter 9, we are then
ready 1o Jump right into the varlous appications of cxidation-reduction reactions

324



111 Quicdation §s the Loss of Electrans and Reductlon |5 the Gain of Electrans 325

171.7 Oxidation Is the Loss of Electrons and
Reduction Is the Gain of Electrons

Onxidarion is the process whereby a reacrant loses one or more electrons.
Reduction is the opposite process wherehy 0 reactant gains one or more
electrons, Chadaton and reduction are complementary and simultaneous
processes. They always occur together; vou cannot have one withour the
other. The dectrons lost by ane chemical in an oxidarion reaction don't sim-
ply disappear; they are gained by another chemical in a reduction reaction.

An oxidation-reduction reaction occurs when elemental sodium and
chlorine react exothermically to form sodium chloride, as shown in Figure
11.1. The equarion for this reaction is

2Na+ Cl; — 2 NaCl
To see how electrans are transferred in this rescoon, we can look at each reac-

wnt individually. Each electrically neutral sodivm asom changes to a posi-
tively charged jon—each atom bases an dectron and is therefore oxidized:

IMNa —+ 2Ma' +2¢ Cusidanan

Figure 11.1
In the exctheymec formacion of sodum
Each electrically neutral chlorine molecule changes to two negatively charged rhiarde, sodium matal i axidized by
inns—each atom gains an electron and is theretore reduced: : ctbbirhepbei ook
B . reduced by sodiim melal

Oy 4 2™ — 1017 Redumion

The net result is that the two clectrons lost by the sodium aroms are
transberred to the chlorine atoms, Therdore, the pao TR TS shown above
sctually represent one process, called a half reaction. In other
words, an electron wont be lost from a sodium atom
withour there being a chlorine atom available o pick
up thar electron. Bodh hall reactions are requiced w
represent the wole oxidaon-reduction process.
Half reactions are useful for showing which reac-
tant loses electrons and which rescrant grins
them, which is w|1:|.' hall reactions are used
1|'|Tv|.1|.|.g|r.|1|.|.T this -:.'|"|=|'|Ir.'r.

Because the sodium canses reducrion of the
chlorine, the sodium is acring as & medncing
agent, which is any reacrant that causes another
reactant o be reduced, More thar in behaving as a
reducing agent, the sodium s oxidized—ir loses glec-
trans, Conversely, the chlorine causes oxidanon of the
sodium and so is acting as an axidizing agens. Because
it gains elecrrons as it causes another reactant o be oxi- r
dized, an oxidizing agent is reduced. Just remember thar /
loss of electrons is exidation, and gain of elecoons s &4 1 reoke pou imhe your
reduction. Here is a helpful mnemonic adapted from a [ "*‘-'"""I“"‘ NPT .
once-populir children's story: Lee the lion went “ger.” ook atudaVa Renavain e g

e
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Little tendency o

B Mo iely bo Behave ay asidizing
agerd |be reduced|

B tore tkely bo behave 51 reducing
agent |be modized)

Figiira 112

The ability of & alam b0 gain o lode
electrony is a8 function of ity posstion m
the periodic table:. Those at the upper
raght tend ta gain elecirans, and those
at tha loswser keft tend 1o kose theem,

Figure 11.3
A camrers can be used 1o focus an

image on was paper as well 2 T dom
on photogmphic film

Different elements have different oxidarion and reduction tendencies—
some lose elecrrons more readily, while others gain electrons more readily,
as Figure 11.2 illustrates. The rendency to do one or the other is a funcrion
of how strongly the atom’s nucleus holds electrons. The grearer the effective
nuclear charge (Section 5.8), the grearer the endency of the atom to garn
electrons. Because the aroms of elements ar the upper right of the periodic
table have the strongest effective nuclear charges (with the noble gases
excluded), these atoms have the greatest rendency 10 gain electrons and
hence behave as oxidzing agents. The atoms of clemen ar the lower left
of the periodic table have the weakesr effective nuclear charges and there-
fore the greatest tendency 1o dose electrons and behave as reducing agenes.

Concept Check /'

True o false:
1. Reducing agents are cxidized in cxodation-reduction reactions.
2, Dwidizing agents are reduced in oxidation-reduction reactions.

Were thete your answers! powh samemesss aee me

11.2 Photography Works by Selective
Oxidation and Reduction

Lay some wax paper on the back of an open unloaded camera as shown in
Figure 11.3. Hold the shutter open, then focus, Voila! You have an image.
Let the shutter close, however, anad the IMAEE 1§ EOne. This s the same
image thar forms on the photographic film inside a loaded camera. The dif-
ference berween the film and the wax paper is thar the film is able 1o retain
the image after the shurter has closed. How does it do thar? The answer has
to do with oxidation—reducoon chemstry,

Follow the steps in Figure 11.4 as you read this simplified explanarion
of how a black-and-white photograph is produced.

|, Unexposed black-and-white photographic film is a transparens smip of
pla.'l!.ic coated with a gtl Containing Tﬂil:h]r_'l'}'!tﬂ.ls of silver hromide,
AgBe. Lighr reflected from the subject being photographed passes
through the camera lens and is focused on these microcrystals. The
light causes many of the bromide ions in the microcrysmals o oxidize.,
The electrons set loose by this oxidaton are transferred to the sibver
bons, which are thereby reduced o opague silver atoms. The more light
recelved by a microcrystal, the greater the number of opaque silver
atoems formed. In this way, the photographic image is rnmlci and the
film is said 1o have been expoied

2. The light reflected from the subject does nor rypically result in the for-
marion of enough silver aroms o make a visible image. The more sil-
ver atoms 4 microcrystal conmins, however, the more susceprible ir is
o further oxidation—reduction reactions. To make a visible image, the



11.2  Photography Waorks by Selective Ouidstion and Reduction a7

(Z) The fim i developed.

Light-tight
coatalner

Cmidation Br~ ——= Br+ e ouidasion  2CgH0y — 2CH 0, + 2e7 + 2H?
Reduction Ag® + e — Ag feduction 2 AgBr + 2e” — 2Ag + 2B

E:I Thee film: is e and washed I:EI The negatree is dark wihese Ag® ions have @L@Tmmmmuhum
besary Peduced o motailic sliher an phatagraphic paper as & positive imege

Figure 11.4
Black-and-while phoiograpiy swolves 4 series of oddstion-reduction resctions

photographer purs the film in a light-righr conrainer vo prevent further
exposure. Then the film is rreared wich a reducing agenr, such as hydro-
quinone, CgH O, which reveals the encoded image by causing rhe
formarion of many more opague silver atoms. Through this step the
3. The reducrion of silver ions by the hydrequinone developing solurion
is stopped by rrearing the film with a solunon of sodium rhiosulfare,
Ma,5,0,, also called either bypo or fixing sefunion. The thiosulfare
bom, 5;04°7, binds with any unreduced silver ions to form a water-
soluble salt. Subsequent washing with warer removes everything
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11.3  The Energy of Flowing Electrons Can Be Harnessed

except the silver atoms adhering 1o the film, which are most abundane
where the greatest amount of light hit the hlm when the photograph
wiis taken. The film is now

4, Because the slver atoms are opaque, the hlm appears as a negarier,
which is dark where the subject was light and light whene the subject
was dark.

5, Light 15 projected through the negative onmo photographic paper,
which is developed using rhe same reactions that produced the nega-
tive. The resulting developed image is a negative of the negative—in
other words, 3 positive print,

Color photographic film is coated with a variety of chemicals thar
respond to light of different frequencies (colors). There are more
axidation—reduction reactions involved in the developing of a color pho-
tograph, but the basic principle is the same—the selective reduction of
only those chemicals exposed to light. Digital photography, by contrast,
is an ourgrowth of photovolmaic cells, which are made of metalloids, such
as silicon, thar lose electrons upon exposure w light. We explore phote-
voltaic cells in Chapter 19 in our discussion of energy sources.

Concept Check 1/

Would a photographic negative be mostly transparent or mostly opague
if the camera shutter remained open too long and too much light fell on
the flm? What would the positive print from this negative look ket

Were these your answers! the mors fight that hits the fim, the greater the number of sites
jons regsoed by 1he bromsde e o Pydoguinone. The reducbon of e shver s resubs in opague
slhwet mioms that adhee 1o e Rim, Sach se overesposed negabwe, thersdore, would be mostly opague
because of gl the opaque dlver atora

That positive print would be vy bght Becaisn Thom would Be sy (e §ght pesing heough the
nagative 10 sansiies the Evar ions in e phaiographic papat

11.3 The Energy of Flowing Electrons Can Be Harnessed
Electrachemistry is the study of the relationship berween decrrical energy

and chemical change. It involves either the use of an oxidarion—reduction
reaction to produce an electric current or the use of an electric current 1w
pl:m:!m.! an exidation—reduction reaction.

To understand how an oxidation—reduction reaction can generate an
elecoric current, consider whar happens when a reducing agent is placed in
direct contact with an oxidizing agene: Elecrrons flow from the reducing
agent to the oxidizing agent. This fAow of elecorons s an elecric current,
which is a form of kinetic Encrgy thar can be hamessed for nseful purposes.

[n:-n. Fe, tor example, is a berter reducing agene than the copper jon
Cu**. S0 when a piece of iren meral and a solution containing copper ions
are pim:-:tl in comtact with each other, electrons How from the iron m the
COpper ions, as ﬁurr 11.5 on page 330 illusorates, The resule is the oxida-

rion of iron and the reduction of copper sons,

29



330 Chapter 11 Ouidstion and Reduction

lron nail

Agusous seluton
of copper e

Flgurs 11.5

A& nail made of iron placed in & sakition
of Cut* ions cuidizes to Fe* ons,
which dissoive In the water A the

fa T i, COpDeT Wong ane reduced 1o
estali coqipeet, which coats the nall
[Msgatively chaged kons, wich & ohio
recle band, T iowidl @la0 e peesent o
balance these poatively chaeged ons
in sbution

Figure 11.6

A won nall B pleced im owaber and con-
nected by 4 conducting were bo & solu-
tion of copper ions. Nothing happens
becauss this armngement results ino
buildusp of charge chat presents tha
Furtheis Mo ol dleceiong.

1 =
Osidation Fe —= Fe" " + 2e

] = o
Beduction Cu*" +2e — Cu

The elemental iron and copper 1ons need not be i physical contact in
order for electrons to Aow berween them. If they are in separute containers
but bridged by a conducting wire, the elecerons can flow from the iron o
the copper ions through the wire. The resulting electric current in the wire
could be smached o some useful device, such as a ]igl‘ll bulle, But alas, an
elecrric current is not sustained by this arrangement.

The reason the elecrric current is not sustained is shown in Figure 11.6.
An initial flow of elecrons through the wire immedistely results in a
buildup of eecmmic charge in both conminers. The conmainer on the left
builds up positive charge as it accumulates Fe'* jons from the nail. The
container on the right builds up negative charge as electrons accumulare on

Thist siche |menediately Thss siche Imimediataly

Bullds up & poiitive Builds i & negatee
change that atirscts charge that repely

electrons, preventing sleciron, preventing
theern frcem migeating theern froen evtering.

g
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this side. This situarion prevents any further migration of electrons throu
the wire. Recall that elecerons are negative, and so they are repelled by the
negative charge in the right container and attracted 1o the positive charge
in the left containes. The net result is that the electrons do not flow through
the wire, and the bulb remains unlit,

‘The solution o this problem is 1o allow ions 1o migrate into either con-
tainer so that neither builds up any positive ar negative charge. This is
accomplished with a sale fridpe, which may be a U-shaped whe filled with
a salt, such as sodium nitrare, NaNO;, and dosed with semiporous plugs.
Figure 11.7 shows how a salt bridge allows the jons it holds 1o enter either
container, permiming the Aow of electrons through the conducring wire
and crearing a complere electric circuit.

m

oudation Fe — Fel* + 2¢” Redusctian

Figura 117

The sall bridge compleies (ke slecirie circun, Electrons freed a3 the (ran b oddized pass
thepugh the wire 1o the contsiner an the right. Mitrate jons, N, from the salt bridge Aow Mo
the left container to balance the poshtive charges of the Fel* jons that form and present any
buildap of positve change. Meanwhile, Na™ jons freom the salt bridge enter the right container
1o balance the CI~ lons “abandoned” by the Cu?* jons a5 the Cu™* jons pick up elecirom o
became memllic copper

The Electricity of a Battery Comes from Oxidation—Reduction Reactions
So we see that with the proper serup it is possible to harness electrical
energy from an oxidation—reducrion reacrion. The apparars shown in Fig-
ure 11.7 is one example. Such devices are called vadraie colls. [Instead of two
containers, 4 volraic cell can be an all-in-one, self-coneained unie, in which

case it is called a farrery. Barreries are either disposable or rechargeable, and

Co*t+2e — Cu
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Figurs 11.8

A comman dey-oell battery with &
graphite rod immened in a pasie
af ammonium chiceide, mangarese
dinsidie. and zinc chioride

Bpducnan 1MH_1If + g — IHH_:l + HJ

INHECL 20, MOy

—— Mamilirane

Caidation £ — £nit + 2e”

here we explore some examples of each. Although the rwo rypes differ in
design and composition, they function by the same principle: Two materi-
als thar oxidize and reduce each other are connected by a medium through
which ions travel o balance an external fow of elecrrons,

Ler's look ar disposable barteries first. The common dry-cell barsery
was invented in the 1860z and is srill wsed voday as probably the cheap-
est disposable energy source for flashlights, voys, and the like. The basic
design consists of a zinc cup filled with a thick paste of ammoniom chlo-
ride, NH4Cl, zinc chloride, ZnCl;, and manpganese diowide, MnQ,.
Immersed in this paste is a porous stick of graphite that projects 1o the
top of the battery, as shown in Figure 11.8,

Graphite is a good conductor of electricity, and it is at the graphite stick
thar the chemicals in the paste receive electrons and so are reduced, The
reaction for the ammonium jons, for instance, is

INH Mag) +2e” —= 2NHylg) + Hylp)  Reduetion

An electrode is any marerial thar conducts dectrons into or out of a
medium in which decrrochemical reactions are occurring. The elecorode
where chemicals are reduced is called a cathode. For any barery, such as
the one shown in Figure 11.8, the cathode is always positive (+), which
indicates thar electrons are naturally artracred oo this location. The electrons
gained by chemicals at the cathode originate ar the anode, which is the
electrode where chemicals are oxidized. For any battery, the anode is always
negative {— ), which indicates rhat electrons are streaming away from this
location. The anode in Figure 11.8 is the zinc cup, where zinc atoms lose
electrons to form zinc ions:

Znish — Zn**lag) + 2¢~  Oxidation
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The reduction of ammonium jons in 4 dry-cell barery produces two
gases—ammonia, NHy, and hydrogen, Hi—that need o be removed 1o
avoid a pressure buildup and a porential explosion. Removal is accom.
plished by having the ammaonia and hydrogen react with the zine chloride
and manganese dioxide:

ZnClylag) + 2 NHylg) — Zn(NH,),Clyis)
2 MnOy(s) + Halg) — Mn,Oyls) + H,0(8)

The life of 2 dry-cell battery is relanvely shorr, Oxidarion causes the
zine cup to deteriorate, and evenrually the contents leak our, Even while the
battery is not operaring, the zinc corrodes as it reacts with ammaonium ions.
This zinc corrasion can be inhibited by storing the battery in a refrigerator.
As discussed in Chapter 9, chemical reactions slow down with decreasing
vemperature, Chilling a hattery theretore slows down the rate at which the
tinc corrodes, which increases the life of the barery,

Another rype of disposable battery, the more expensive afbaiine bartery,
shown in Figure 11.9, avoids many of the problems of dry-cell batteries by
operaring in & srrongly alkaline paste. In the presence of hydroxide ions, the
rinc oxidizes ro insoluble zinc oxide:

Zn(s) + 20H (ag) — ZnOfs) + H,00€) + 2 & Oucation
while ar the same fime manganese dioxide is reduced:
2 MnOyis) + HyO{€) + 2¢~ — MnyOu(s) + 2 OH (ag) Aeduction

Nore how these rwo reacrions avoid the use of the zinc-corroding ammo-
nium {on (which means alkaline bareries lose o lor longer than dry-cell
barteries) and the formarion D‘FII‘I.}" pascous p-rudul:l: Furthermore, these
reactions are better-suired to maintaining a given volmge during longer
periods of operation,

The small mercury and lithium disposable batteries used for calculators
and cameras are variations of the alkaline battery. In the mercury barery,
mercurle oxide, Hg(), is reduced rather than manganese dioxide, Manu-
Bacturers are phasing out these barteries because of the environmental haz-
ard posed by mercury, which i poisonous. In the lithium battery, lithium
metal is used as the source of electrons rather than zinc, Not only is lithium
able to mainrain a higher valtage than sinc it i about 13 fmes less dense,
which allows for a lighrer barrery.

Disposable barteries have refarively short lives because electron-producing
chemnicals are consumed. The main feature of rechargeable batteries is the
reversibility of the oxidation and reduction reactions. In your car’s recharge-
able lead storage batrery; for example, electrical energy is produced as lead
dioxide, lead, and sulfuric acid are consumed to form lead sulfare and water.
The elemental kead is oxidized to Ph**, and the oxygen in the lead dioxide
is reduced from the O state to the O? stare. Combining the two half

reactions gives the complere oxidation—reduction reaction:

POy + Pb + 2 Hy5OQ; — 2 PbSOy + 2 HyO + decinical energy

Figure 11.9

Alaling barteries st a log longer thar
dry-coll barteries and give & Seatier
wiilTage, Bt 1Fey are Eupinsive
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Figure 11.10
(2} EHecincal ereegy from the: Datbery
forces the stamer motar 1o 3an the
engine. {bj The combustion of fusl
kpeps the engirss runming and provides
enargy to spin the alternatos, which
recharges tha batmery Mote that the
bartery has & revevsed Cathade—anode
eelEnmrarion dyring rechasging

owidation Pb + S0, — PhSO, + 2 ¢
Beduction of elemental Ph to ph

Reduction PhO; + 4 H* + 80,7+ 2¢° — PbSO, + 2 H,0
Oiidation of elemental PB' 1 PR

owigation PhSO, + 27 — Pb + 50,4
Reduction ef slemental Pa” " 1a Pl

Recuction PBSO, + 2H,0 — PO, + 4 H Y+ 807 + 20

Orblation of slemartal PE™" 1o pa*"
[£H]
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This reaction can be reversed by supplying electrnical energy, as Figure 11,10
shows. This is the sk of the car’s alrernator, which is powered by the

engine:
elecirical energy + 2 PhSOy + 2H,0 — PbOy + Ph + 2 HyS0O,

So running the engine mainzains concentrations of lead dioxide, lead, and
sulfuric acid in the battery. With the engine rurned off. these reactans
stand ready to supply electric power as needed 1o starr the engine, operate
the emergency blinkers, ar play the radio.

Concept Check |/
What is recharged in a car battery?

Was this your ansWer? when the batery is bwing rchasged, slectrical snergy fom a sourcs
iwhi ahemaion cuiside the babiery B used o regenersis reactands thel seie sarlien randformed 1o
products during the cedation-reduction reactbon that produced the slectnicsl enesgy nesded 10 ibar
thi anging, Tha macranrs being regeneraed we lead dicside, elememal lesd, and sulfunc sod

Many rechargeable barteries smaller than car barteries are made of com-
pounds of nickel and cadmium (ni—cad battertes). As with the lead storage
battery, ni—cad reactants are replenished by supplying elecerical energy from
some external source, such as an dlectrical wall oudet, Like mercury batter-
iex, ni—cad barteries pose an environmenial hazard because cadmium is moxic
to humans and other organisms. For this reason, alkaline batteries designed
to be rechargeable are rapidly gaining a place in the market,

Fuel Cells Are Highly Efficient Sources of Hectrical Energy

A furl cell is a device that changes the chemical energy of a fuel 1 electrical
encrgy. Fuel cells are by far the most efficient means of generating elecericiry.
."Lh}rdmgrn*ﬂu}rgmﬁnlmllnshﬂwnm re 11,11 on page 336. It has rwvo
com ents, one for entering hydrogen ?—“E-I and the ather for entering ooy-
ted by a set of porous electrodes, Hydrogen is oxidized upon
mnun \l-"lt hydraxide jons at the hydrogen-facing elecrode (the anode).
The electrons from this exidation Aow through an exvernal cireuir and pro-
vide electric power before meeting up with oxygen ar the oxygen-facing elec-
tode (the cathode). The oxygen readily picks up the electrons (in other
words, the exygen is reduced) and reacts with water to form hydroxide kons.
To complete the circuir, these hydroxide ions migrate across the porous elec-
trodes and through an ionic paste of potassium hydroxide, KOH, to meet up
with hydrogen at the hydrogen-facing elecirode.

As the oxidation equanion shown ar the top of Figure 11,11 demon-
strates, the hydrogen and hydroside jons react o produce steam as well as
eleczrons, This steam may be used for heating or o generate electriciry in a
steam turhine, Purthermore, the water that condenses from the steam is

pure warter, suitzhle for drinking!



