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Reactions in aqueous solutions

- Some essential ferminology
* assigning oxidation states
* Balancing redox equations
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Terminology

- Oxidation

* Reduction

+ Redox-Reaction

+ Oxidation Number
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Transfer of
electrons

A Formation of an ionic compound

! Shift of
Electrons electrons % Electrons
distributed + > distributed
evenly : unevenly
B Formation of a covalent compound
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Rules for Assigning an Oxidation Number (O.N.)

General Rules

. For an atom in its elemental form (Na, O,, Cl,, etc.: ON.=0

2. For a monatomic ion: O.N. = ion charge

3. The sum of O.N. values for the atoms in a molecule or formula unit of a compound
equals zero. The sum of O.N. values for the atoms in a polyatomic ion equals the ion’s
charge.

Rules for Specific Atoms or Periodic Table Groups

. For Group 1A(1):  O.N. = +1inall compounds
2. For Group 2A(2):  O.N. = +2 in all compounds
3. Forhydrogen: O.N. = +1 in combination with nonmetals
O.N. = —1 in combination with metals and boron
4. For fluorine: O.N. = —1 in all compounds
5. For oxygen: O.N. = — 1 in peroxides
O.N. = =2 in all other compounds (except with F)
6. For Group 7A(17): O.N. = —1 in combination with metals, nonmetals (except O),

and other halogens lower in the group
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Balancing Redox Equations

1. Write as much of the overall unbalanced equation as possible, omitting spectator ions.

2. Construct unbalanced oxidation and reduction half-reactions (these are usually
incomplete as well as unbalanced). Show complete formulas for polyatomic ions and
molecules.

3. Balance by inspection all elements in each half-reaction, except H and O. Then use
the chart in Section 11-5 to balance H and O in each half-reaction.

S

Balance the charge in each half-reaction by adding electrons as “products” or “reactants.”

wn
.

Balance the electron transfer by multiplying the balanced half-reactions by appropriate
integers.

6. Add the resulting half-reactions and eliminate any common terms.

=

Add common species that appear on the same side of the equation, and cancel equal
amounts of common species that appear on opposite sides of the equation in equal
amounts. The electrons must #/ways cancel.
8. Check for mass balance (same number of atoms of each kind as reactants and products);
check for charge balance (same total charge on both sides of the equation).
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Example 11-10 Balancing Redox Equations

A useful analytical procedure involves the oxidation of iodide ions to free iodine. The free
iodine is then titrated with a standard solution of sodium thiosulfate, Na,S,0;. Iodine
oxidizes $,0,° ions to tetrathionate ions, S;0:°~, and is reduced to I” ions. Write the
balanced net ionic equation for this reaction.

I2 5 520327 — ™ + 54,()52~
I, —TI (red. half-reaction)

IZ — Ei

L+ 8Bl — 21° (balanced red. half-reaction)
50" — 8,0, {ox. half-reaction)

251032_ — S40527

25,0; — 5,04+ 2e” (balanced ox. half-reacton)

Lo — 520

2830327 — 540527 + Do

Lis) + 25,05 (aq) —> 21 (aq) + .04 (aq)
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Balancing Oxygen and Hydrogen

In acidic solution: We add only H™ or H;O™ (rot OH™ in acidic solution).
In basic solution: We add only OH ™ or H,O (ot H' in basic solution).

The following chart shows how to balance hydrogen and oxygen.

In acidic or neutral solution: In basic solution:
To balance O To balance O
For each O needed, add one H,O For each O needed, add one H,O
and | then and | then
To balance H To balance H
For each T needed, add one IT* For each H needed, add one H,O to

side needing H and
add one OH™ to other side
(This adds H without changing O)
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Example 11-11 Balancing Net lonic Equations (Acidic Solution)

Permanganate ions oxidize iron(II) to iron(I1I) in sulfuric acid solution. Permanganate ions
are reduced to manganese(IT) ions. Write the balanced net ionic equation for this reaction.

Fe’* + MnO,” — Fe'* + Mn?*

Fel* — F&'t (ox. half-reaction)
Fel* —— Fe*t +  leo (balanced ox. half-reaction)
MnO,” — Mn?* (red. half-reaction)
MnO,” + 8H®" — Mn?t + 4H,0
MnO,” + 8H* + S¢- —— Mn’" + 4H,0 (balanced red. half-reaction)

S5(Fe’t —— Fe’t + 1¢7)
I(MnO,~ + 8H* + 5S¢~ — Mn?* + 4H,0)

5Fe’*(aq) + MnO, (aq) + 8H*(aq) — SFe**(aq) + Mn’*(aq) + 4H,0(¢)
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Example 11-12 Balancing Redox Equations (Basic Solution)

In basic solution, hypochlorite ions, CIO™, oxidize chromite ions, CrO;", to chromate ions,
Cr0,”~, and are reduced to chloride ions. Write the balanced net ionic equation for this reaction.

CrO,” + ClO~ —» CrO,> + Cl-

CrO;,” — CrO,*” (ox. half-rxn)
CrO,” + 4O0H™ —— CrO,’” + 2H,0
CrO,” + 40H™ — CrO,*” + 2H,0 + 3¢~ (balanced ox. half-rxn)
ClO- — CI” (red. half-rxn)
ClO™ + H,O — CI” + 20H™
ClO” + H,O + 2¢¢ —— CI” + 20H" (balanced red. half-rxn)

2CrO,” + 40H™ — CrO,>~ + 2H,0 + 3¢)
3(ClIO™ + H,0 + 20 —> Cl” + 20H")

2CrO,” + 80H™ + 3CIO™ + 3H,0 — 2CrO,* + 4H,0 + 3Cl” + 60H"~
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Electrochemistry

BElectron flow

Battery
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Electrodes

‘The cathode is defined as the electrode at which reduction oceurs as electrons are gained
by some species. The anode is the electrode at which axidation occurs as electrons are
lost by some species.
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Electrolysis cells

Graphite
electrode

(inert)

Na'is reduced
(Na* + le” 0 Nay
therefore, cathode

Lars Birlenbach

Graphite
electrode
(inert)

° Tron Graphite o
cathode anode
CI is oxidized
QRCro Cly+2e )

therefore, anode
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2C]
ZHzo + 2(.’

Y
'

Electrolysis cells

Pt anode

T —=2 Clz + 2e (oxidation, anode)
- —> 20H + H2 (reduction, cathode)

2H,0 + 2Cl

+ 2Na

- — 20H" + H, + Cl, (overall cell reaction as
net ionic equation)

T —> + 2Na" (spectator ions)

2H,0 + 2NaCl — 2NaOH + H, + Cl, (overall cell reaction as

Lars Birlenbach

formula unit equation)
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Pt cathode

2QH,0 + 26 —>

Electrolysis cells

I, + 201 )

(reducaon, cathode)

2H,O — O, + 4H" + 4¢” (oxidation, anode)
6H,0 — 2H, + O, + 4H" + 4OH" (overall cell reaction)
e —

411,0

2H:O — 21_13 s 03

Lars Birlenbach

(net reaction)
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Faraday’s Law

One faraday is the amount of electricity that corresponds to the gain or loss, and therefore
the passage, of 6.022 X 107 electrons, or one mole of electrons.

1 faraday = 6.022 X 10 &~ = 96,485 C

I Table 21-1 Amounts of Elements Produced at One Electrode in Electrolysis by 1 Faraday of Electricity

Number of e~ Product
Half-Reaction in Half-Reaction (electrode) Amount Produced
Ag'laq) + ¢ — Agls) 1 Ag (cathode) 1 mol = 107 868 g
2H%(aq) + 2¢- —> H,(g) 2 H; (cathode) +mol = 1,008 g
Cu'*(aq) + 2¢” > Cufs) 2 Cu (cathode) i—mol =31773 g
Aut(ag) + 3¢” —> Aus) 3 Au (cathode) +mol = 65.656 g
2CI"(aq) — Cly(g) + 2¢ 2 Cl; (anode) fmol = 35453 g = 11.2 Lgrp
2H,O() =Oy(g) + 4H (aq) + 4¢ 4 O, (anode) $mol = 8.000 g = 5.60 Lgrp

Lars Birlenbach
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Electroplating with copper

Copper s
ion, Cu®* =)

A Copper
ion, Cu?* Copper
- atom, Cu

(+]

S0,
atom, Cu

.\ BF

Object to be plated
Cathode -_ J

7N

CuSOy
solution

Lars Birlenbach birlenbach@chemie.uni-siegen.de 91

Voltaic (or Galvanic) Cells:
The zinc-copper cell

Copper

Metallic

copper
electrode

Kt
Salt bridge
Copper
atom, Cu
Ch
Znl Zn™ 4+ 2 Cu® +270 Cu
Oxidation, anode Reduction, cathode

Figure 21-6 M The zinc-copper voltaic cell utilizes the reaction

Zn(s) + Cu**(agq) — Zn**(aq) + Cu(s)
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Redox potential
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After
several days

Silver ions in solution

Surface of copper wire

Bl g g P
Zn*t < Cu*t < Ag® Ag <Cu<Zn

NO,. The silver is
ate solution is bll

Increasing strength Increasing strength
as oxidizing agents as reducing agents
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The copper-silver cell

—
0462
; Electrons

e e
Noltmeter

K' (3% agar) NO;
Salt bridge

Ag
-— 1MCuSo, — I MANO,

Cu(s) + 2Ag*(aq) — Cu?"(aq) + 2Ag(s)
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Short notation for Voltaic Cells
electrode salt electrode
surface bridge surface
Zn|Zn*t (1 M) || Cu** (1 M)|Cu
-KA/-*\_‘_V/-*\_J‘
species (and concentrations)
in contact with electrode surfaces
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Standard Electrode Potentials

H, gas
(1 atm)
- By international convention,
the standard hydrogen electrode (SHE)
— is arbitrarily assigned a potential

of exactly 0.0000 .. . volt.

e
Pt black
1 M HC1
——
Figure21-8 Tt SHE Half-Reaction E® {standard electrode potential)
electrode (SHE). H, — 2H" + 2¢ exactly 0.0000 ...V (SHE as anode)
view of the oper 2HY + 267 — H, exactly 0.0000. ..V (SHE as cathode)

a cathode is she

. . wirrernvul lt‘bllblﬂlb.ul"‘blbyblI.Ub 217
and as an anode in Figure 21-10.

Standard Reduction

Element Reduction Half-Reaction Potential E° (volts)
Li Lit + & ——- Il —3.045
K Kt + e =K —2.925
Ga Ca?t + 2¢” —— {2k y N =2 87
Na Nat + ¢~ —> Na ‘ -2.714
Mg Mg + 2¢” — Mg -237
Al APt + 367 — Al —1.66
Zn B Zott + 2 = Zn —0.763
T go Crt + 36 —— 1l Eﬂ —-0.74
Fe w8 Fe* + 26 — Fe o 8 -044
cd p: Cd*+2°  —Cd 33 ~0403
Ni 2 NPt +2e —> Ni £ ~025
Sn 58 St + 26 — Sn g8 —0.14
= (=]
Pb g2 Bhs g — Pb g2 —0.126
H; &8 2H" + 2¢” — H, 2 g 0.000 (reference e
= .5 ]
Cu & Cu?* + 2¢” — Cu £ +0337
i; = i —— i S +0.535
Hg Hg’* +2¢ — Hg +0.789
A 7 S A LOT00
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—
o
Z

Standard Reduc]
Reduction Half-Reaction Potential E° (vo
Zn(OH)&™ + 26 — Zn + 40H" -122
Fe(OH), + 2¢~ —> Fe+ 20H —0.877
2.0+ 2¢ —> H, + 20H- ~0.828
PbSOy + 26 — Pb + SO —0356
Now + 5,0 w2 — NO,™ + 20H- +0.01
"."r-; Sn** + 26 — 8n?* & +0.15
Z:-.E, ASCl + & T = +0.222
£ Hg,Cl, + 2¢~ — 2Hg + 2CI° § ;g +0.27
E L 0, +2H0 +4r — 40H- i »E +0.40
8 g NiO, + 2H,0 + 26 — Ni(OH), + 20H" _g 2 +0.49
§2  HAO,+2H" +2¢ — H;AsO; + H,0 jz"’ % +0.58
B8 Fotes —> F* o +0.771
£ ClOT+HO +2¢ — CI' + 20H" L +0.89
= NO,™ + 4H* + 3¢ — NO + 2H,0 2 +0.96
O, + 4H* + 4~ — 2H,0 +1.229
Cr,O# + 14H' + 6~ — 2CPt + TH,0 +1.33
Cl, +2¢e — el +1.360
MnO, + 8H* + Se — Mot + 4H,0 +1.507
DL IS ) ot S el s O, DLCOY LTI Oy L1 £OC
Corrosion
Figure 21-11 (a)A bent nail corrodes
at points of strain and “active”metal
Rust

Rust

b)

Lars Birlenbach
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atoms. (b) Two nails were placed in an
agar gel that contained phenolphthalein
and potassium ferricyanide, Ky[Fe{CN)g].
As the nails corrode, they produce

Fe?* ions at each end and at the bend
(an axidation, so these are anodic
regions). Fe?* jons react with [Fe(CN)e]*~
ions to form Fe,[Fe(CN)],, an intensely
blue-colored compound. The rest of
each nail functions as the cathode, at
whichwater is reduced toH; and

OH~ ions. The OH™ ions turn
phenolphthalein pink.
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Corrosion
0, o,
P /
H20 ]ayer /-—5 Rust \ -«—— QOH™ ]'[20
Fel+
L. / .
Tron Anodic S e y Cﬁ:;;:slm
region
2(Fe —> Fe?t + 2¢) (oxidation, anode)
0O, + 2H,0 + 4¢7 —> 40H™ (reduction, cathod

2Fe + O, + 2H,0 — 2Fe¢?* + 4OH ™ (net reaction)

2Fe(s) +30,(aq) + ¥xH,0(€) —> Fe,05-xH,0(s)
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Corrosion protection

Magnesium bar (anode)

E
5
<
2
(@) =
2
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Corrosion protection by sacrificial anodes

Water drop
OH (aq) Zn*(aq) Zn(s) O Zn*" +2e
{oxidation)
O
l == Zn coating

{anode)

0,4+ 2H,0+4e- 0 40H™

(reduction) Fe (cathode)

(c)
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