Chapter Four

Chemical Reactions in
Aqueous Solutions
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4.1 Some Electrical Properties of
Aqueous Solutions
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Conduction lllustrated

 Electric current isaflow of charged

particles. -{1]1]1

Electricity source

* Onetype of current is electrons flowing .
through a wire, from cathode (negative
electrode) to anode (positive electrode).

« Another type of current: anions and

cations moving through a solution as ;e,_o
shown here. Cations move to the cathode, o5
anions move to the anode. -9
) ~@°—
« Of course, an external source of potential
(voltage) isrequired in either case! i i el
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Electrostatic Forces
‘ ‘ | | ' A
« Unlike charges (+ and -) attract one another.
« Like charges (+ and +, or — and -) repd one another.
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Arrhenius’s Theory of
Electrolytic Dissociation

* Why do some solutions conduct electricity?
« An early hypothesis was that electricity
produced ionsin solution, and those ions
allowed the electricity to flow.
* Arrhenius’s theory:
— Certain substances dissociate into cations and
anions when dissolved in water.
— Theionsalready present in solution allow
electricity to flow.

Prentice Hall © 2005 General Chemistry 4™ edition, Hill, Petrucci, McCreary, Perry Chapter Four

Electrolytic
Properties

of Aqueous
Solutions

« Electrolytes(# f# jﬁ)
dissociate to
produce ions.

o gists
0% 0 3 9..”
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The more the electrolyte dissociates, the more ions it produces.
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Types of Electrolytes(% ji# &)

A strong electrolyte(s: 7 f# j") dissociates completely.
- A strong electrolyte is present in solution almost exclusively
asions.

— Strong electrolyte solutions are good conductors.
+ A nonelectrolyte(#£ % f# ") does not dissociate.

— A nonelectrolyte is present in solution almost exclusively as
molecules.

— Nonelectrolyte solutions do not conduct electricity.

» A weak electrolyte (33 7 fi# ) dissociates partially.
— Weak electrolyte solutions are poor conductors.
— Different weak electrolytes dissociate to different extents.
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Calculating lon Concentrations in
Solution

* In0.010 M N&a,SO,:

— two moles of Na* ions are formed for each
mole of Na,SO, in solution, so [Na'] =
0.020 M.

- onemole of SO, ionisformed for each
mole of Na,SO, in solution, so [SO,%] =
0.010 M.

¢ Anion can have only one concentration
inasolution, even if theion has two or
more sources.
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4.2 Reactions of Acids and Bases
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Is it a strong electrolyte, a weak
electrolyte, or a nonelectrolyte?

 Strong dectrolytes include:
— Strong acids (HCI, HBr, HI, HNO;, H,SO,, HCIO,)
— Strong bases (IA and IIA hydroxides)
— Most water-soluble ionic compounds
* Wesk dectrolytes include: o dowietal
— Wesak acids and weak bases ———— (or base) isweak?
— A few ionic compounds Dy
» Nondectrolytes include:
— Most molecular compounds
— Most organic compounds (most of them are molecular)
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Example 4.1

Calculate the molarity of each ion in an aqueous solution
that is 0.00384 M Na,SO, and 0.00202 M NaCl. In
addition, calculate the total ion concentration of the
solution.
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Reactions of Acids and Bases:

Strong and Weak Acids

» Strong acids are strong electrolytes; completely ionized in
water.

NoHCI i lution,
Inwater: HCl(g)  H*(aq) + cr(aq)% only H- and Ci- ons.

» Weak acids are weak electrolytes. Some of the dissolved
molecules ionize; the rest remain as molecules.

Inwater: CH,COOH(l) ——=_H*(ag) + CH,COO(ag)
Just alittleH* forms.
Some acids have more than one ionizable hydrogen atom.
They ionize in “steps” (more in Chapter 15).
H,SO, H* + HSO,
HSOA— — H* + 3042_
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Strong and Weak Bases

e Strong bases: Most are ionic hydroxides (Group IA and lIA,
though some IIA hydroxides aren’t very soluble).

* Weak bases: Like weak acids, they ionize partially.
lonization process is different.

* Wesak bases form OH- by accepting H* from water ...

Hs + H,0 == NH," + OH-

CHoNH, + H,0 —
ethylamine

Mos of the weak baseremains
in the molecular form.

Just alittle OH-forms.
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Common Strong Acids

and Strong Bases

Table 4.1 Common Strong Acids and Strong Bases

Acids Bases
Binary Hydrogen Group 1A Group 2A
c d o id
HCL HMN LicH MpiOH -
1M 10,5047 WalHT Cug 01T
HT HCIC), KOH Sri0H}
RhOH Ty OH
Ca0H

FHADL Bs astong azid in s st oo wcak i it sceond ionization sieg.

A pragmatic method of determining
whether an acid is weak ... just learn
thestrong acids!
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Acid—Base Reactions:

Neutralization

« Inthereaction of an acid with a base, the
identifying characteristics of each “cancel
out.”

* Neutralization(® {v & J&) isthe (usualy
complete) reaction of an acid with a base.

» The products of this neutralization are
water and a salt.
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Example 4.2
Barium nitrate, used to produce a green color in
fireworks, can be made by the reaction of nitric acid with
barium hydroxide. Write (a) a complete-formula equation,
(b) an ionic equation, and (c) a net ionic equation for this
neutralization reaction.
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Acid—-Base Reactions:
Net lonic Equations
HCI + NaOH > H,0 + NaCl
* |nthereaction above, the HCI, NaOH, and NaCl
al are strong electrolytes and dissociate
completely. Nar and CI-
« Theactual reaction occurs between ions. | *&he™™
H* +})I/+)t(+ OH- 2> H,0 + ++/Q(
H* + OH- > H,0O
A net ionic equation shows the species actually involved in the reaction.
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¢ Indicatorsare commonly used to tell when a
neutralization is complete, or if asolution is
acidic or basic. Phenol redis ...

fa}

... and red in basic
solution.

Copyright @ 2

... orange in neutral
solution ...

... yellow in acidic

solution ...
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Acid—Base Reactions:

Additional Examples

Water-insoluble
hydroxidesare used
asantacids.

Baking soda, when acidified,
formscarbon dioxide gas
that causes cakes, cookies,
and “quick breads” to rise.
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Example 4.3 A Conceptual Example
Explain the observations illustrated in Figure 4.6.

i)

Change in electrical conductivity as a result of a chemical reaction

(a) When the beaker contains a 1 M solution of acetic acid, CH;COOH, the bulb
in the electric circuit glows only very dimly. (b) When the beaker contains a1 M
solution of ammonia, NH,, the bulb again glows only dimly. (c) When the two
solutions are in the same beaker, the bulb glows brightly. What happens when
the two solutions are mixed is described in Example 4.3.
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4.3 Reactionsthat Form

Precipitates
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Reactions that Form Precipitates

» There are limits to the amount of a solute that
will dissolvein agiven amount of water.

* |f the maximum concentration of soluteisless
than about 0.01 M, we refer to the solute as
insolublein water.

* When achemical reaction forms such a solute,
the insolubl e solute comes out of solution and is
caled a precipitate.
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Table 4.3 General Guidelines for the Water Solubilities

of Common lonic Compounds

A solution containing
silver ionsand nitrate
ions, when added to ...

... asolution
containing potassium
ionsand iodideions,
forms ...

What isthe net ionic
equation for the
reactionthat has

occurred here? (Hint:

what species actually
reacted?)
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Almost all nitrates, acetates, perchlorates, group 1A metal salts, and ammonium salts are
SOLUBLE.

Maost chlorides, bromides, and iodides are SOLUBLE, Exceptions: those of Pb*", Ag™, and
l-lg;"' B

Misst sulfates are SOLURLE. Faveplions: those of §°7, Ba™, Ph™, and Hys ™ (CuS0, i
slightly soluble).

Wlosr carbanates, hydrosides, phosphates, and sulfides are INSCELLBEE. Exceprions:
armmnmium ancd group LA metal salls ol any ol those anions ane soluble; byalrogides

and sulfides of Ca®*, 51, and Ba® are slightly to mederately solulle.

Capyright € A1K14 Pramen Peatizz Hal, .

* With these guidelines we can predict precipitation reactions.

* When solutions of sodium carbonate and iron(l11) nitrate are
mixed, a precipitate will form.

* When solutions of lead acetate and calcium chloride are
mixed, a precipitate will form.
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Example 4.4 %

Predict whether a precipitation reaction will occur in each
of the following cases. If so, write a net ionic
equation for the reaction.

(a) Na,SO,(aq) + MgCly(aq) > ?

(b) (NH,),S(aq) + Cu(NO3),(aq) > ?

(c) K,CO4(aq) + ZnCly(aq) > ?

Example 4.5

A Conceptual Example
Figure 4.8 shows that the dropwise
addition of NH;(aq) to FeCl;(aq)
produces a precipitate. What is the
precipitate?

Prentice Hall © 2005 General Chemistry 4" edition, Hill, Petrucci, McCreary, Perry Chﬂ]la Four

27

Table 4.4 Some Precipitation Reactions of Practical Importance

Reaction in Aqueous Solution Application
Al

ag) + 3 OH fag) ——= AKOH)s(s)

A gy + PO i) — AIPOLs)

Mgy + 2 0H (ag) — MgiOH)(s)

A fugy + Brofugl — AgBris)

e iagt + S0 (ugr + Bt i) + 5 gl — ZnSis + DSy

puints.

Halhyiant | Cal Ol CaHP0. 2 a0 Prepanation of

Coayng £ 2008 Snarsan Brarhee Hal. Ine
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Example 4.6

One cup (about 240 g) of a certain clear chicken broth
yields 4.302 g AgCl when excess AgNO,(aq) is added to
it. Assuming that all the CI- is derived from NaCl, what is
the mass of NaCl in the sample of broth?
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4.4 Reactions Involving Oxidation

and Reduction
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Reactions Involving

Oxidation and Reduction

e Oxidation(# - ¥ Ji): Loss of electrons
» Reduction(:# /& » Ji): Gain of electrons
 Both oxidation and reduction must occur
simultaneously.
— A species that loses electrons must lose them to
something else (something that gains them).
— A species that gains electrons must gain them from
something else (something that loses them).
« Historical: “oxidation” used to mean “combines
with oxygen”; the modern definition is much more
general.
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Oxidation Numbers(z i #)

¢ Anoxidation number isthe charge on anion, or a
hypothetical charge assigned to an atomin a
molecule or polyatomic ion.

« Examples: in NaCl, the oxidation number of Nais
+1, that of Cl is—1 (the actual charge).

 In CO, (amolecular compound, no ions) the
oxidation number of oxygen is—2, because oxygen
as an ion would be expected to have a 2- charge.

» Thecarbon in CO, has an oxidation number of +4
(Why?)

Prentice Hall © 2005 Chapter Four

General Chemistry 4" eciion, Hill, Petrucci, McCreary, Perry

Rules for Assigning Oxidation Numbers

1. For the atoms in a neutral species—an isolated atom, a
molecule, or a formula unit—the sum of all the oxidation
numbers is 0.

2. For the atoms in an ion, the sum of the oxidation numbers is
equal to the charge on the ion.

3. In compounds, the group 1A metals all have an oxidation
number of +1 and the group 2A metals all have an oxidation
number of +2.

. In compounds, the oxidation number of fluorine is —1.
. In compounds, hydrogen has an oxidation number of +1.
. In most compounds, oxygen has an oxidation number of —2.

~N o g b

. In binary compounds with metals, group 7A elements have
an oxidation number of —1, group 6A elements have an
oxidation number of —2, and group 5A elements have an

mrenice vPIGRLION NUMber of 3. Chpter Four
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Example 4.7

What are the oxidation numbers assigned to the atoms of
each element in

(8 KClo, (b)Cr,0,> (c)CaH, (d)Na,O, (e)Fes0,
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Identifying Oxidation—Reduction

Reactions

* In aredox reaction, the oxidation number of a

species changes during the reaction.

Oxidation occurs when the oxidation number

increases (species |oses electrons).

« Reduction occurs when the oxidation number
decreases (species gains e ectrons).

« If any speciesis oxidized or reduced in areaction,
that reaction is aredox reaction.

« Examples of redox reactions: displacement of an
element by another element; combustion;
incorporation of an element into a compound, etc.
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A Redox Reaction: Mg+ Cu? > Mg? +Cu

Electronsaretransferred
from Mg metal to Cu2*
ionsand ...

... the products
areCu metal
and Mg# ions.

ih
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Oxidation—Reduction Equations

« Redox eguations must be balanced according to
both mass and electric charge.
« A complete method for balancing such equations
will be presented in Chapter 18.
» For now, our main goals will be to:
— Identify oxidation—reduction reactions.
— Balance certain simple redox equations by
inspection.
— Recognize, in all cases, whether a redox equation
is properly balanced.
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Oxidation Numbers of Nonmetals
. The |mum Cirnip SA Girnap A Grap TA
. . Clo,” T &7
oxidation number of = i
anonmetal isequal ——
to the group number. 4 “: e
— For nitrogen, +5. S s ot
~ For sulfur, +6. Sl s
— For chlorine, +7. W_l D sgeba oot
 Theminimum s ol a4
oxidation number is e Skt
equal to the (group N, | £ Ha ==
number — 8). N, L3
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Example 4.8 A Conceptual Example
Explain the difference in what happens when a copper-
clad penny is immersed in (a) hydrochloric acid and (b)
nitric acid, as shown in Figure 4.14.
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Oxidizing and Reducing Agents
« Anoxidizing agent(# - #|) causes another
substance to be oxidized.
» Theoxidizing agent is reduced.
* A reducing agent(:% J #|) causes another
substance to be reduced.
» Thereducing agent is oxidized.
Mg+ Cu?* > Mg? + Cu
What is the oxidizing agent? What is the reducing
agent?
Prentice Hall © 2005 General Chenistry 4" edition, Hill, Petrucci, McCreary, Perry Chapter Four
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reding agend Activity Series
S Of Some Metals
Na
Mg Strong In the activity series, any metal
Al above another can displace that
Cr other metal.
— Good
Fe Mg metal can
cd reactwith ...
: o Will lead metal react
i b . wiith Fe** ions?
Sn ... Cu?*jonsto
Ph //@ Will iron metal
H, dissolvein an acid to
Cu Poor produceH, gas?
Ag
He
Au— Very poor
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4.5 Applications of Oxidation and
Reduction
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Applications of Oxidation

and Reduction

 Everyday life: to clean (bleach) our clothes,

sanitize our swimming pools (“chlorine”)
and to whiten teeth (peroxide).

* Infoods and nutrition: redox reactions

“burn” the foods we eat; antioxidants react

with undesirable free radicals.

 Inindustry: to produceiron, steel, other
metals, and consumer goods.
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Chapter Four

Oxidation and Reduction in

Organic Chemistry

Potassium

) Initially the
dichromate

solution turnsthe
orangeof Cr,0,%

After awhile the alcohol
isoxidized to a ketone,
and the Cr,0,% is
reduced to Cr3*

4 \ i L P
Edirie! ) (©

Copynght & 2004 Pearson Prentice Hall, inc.

4.6 Titrations
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Titrations(iF =)

 Inatitration, two reactantsin solution are
combined carefully until they arein
stoichiometric proportion.

» The objective of atitration isto determine
the number of moles, or the number of
grams, or the percentage, or the
concentration, of the analyte (the sought-
for substance in an analysis, the substance
we are looking for).
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Titrations (contd)

¢ |natitration, one reactant (thetitrant) isplaced ina
buret. The other reactant is placed in aflask along

with afew drops of an indicator.
¢ Thetitrant is slowly added to the contents of the

flask until the indicator changes color (the endpoint

« If theindicator has been chosen properly, the

endpoint tells us when the reactants are present in

stoichiometric proportion.

« A titration may be based on any of the previously

discussed types of reactions ...
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An Acid—Base Titration

Base solution of known
concentration is slowly
added from the buret.

A measured portion of
acid solution is placed
in theflask, and an
indicator isadded.

Gor When theindicator changescolor,
'| we have added just enough baseto
react completely with the acid.
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Titration calculations ...

e ... arenotnew to us.

We simply apply the method of stoichiometry
calculations (that we have aready done) to the
titration.

Titration calculations for acid-base, precipitation,
redox, and other types of titrations are very similar.
« Recdll that the objective of atitration isto
determine the number of moles, or the number of
grams, or the percentage, or the concentration, of
theanalyte.
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A Precipitation Titration

... with silver ... the next drop of
nitratesolution. Ag* solution produces
brick-redsilver
dichromate.

An unknown il Theindicator is
concentration of orange
chlorideion is dichromateion;
being titrated ... - whiteAgCl
precipitates.

When the chloride has
(bl reacted completely ...
Cogynght & 2004 Pears
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= A Redox Titration
MnO, isthe
titrant ...
... and Fe?* is
being titrated.
After the Fe** hasbeen
Duringtitration, Mn2* consumed, the next
and Fe** (nearly color|ess) drop of MnO,~ imparts
areproduced. apink color.
Prentice Hall © 2005 Chapter Four
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Example 4.9
What volume (mL) of 0.2010 M NaOH is required to
neutralize 20.00 mL of 0.1030 M HCl in an acid—base
titration?
Example 4.10
A 10.00-mL sample of an aqueous solution of calcium
hydroxide is neutralized by 23.30 mL of 0.02000 M
HNO;(aq). What is the molarity of the calcium
hydroxide solution?
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Example 4.11
Suppose a 0.4096-g sample from a box of commercial
table salt is dissolved in water and requires 49.57 mL of
0.1387 M AgNO,(aq) to completely precipitate the
chloride ion. If the chloride ion present in solution comes
only from the sodium chloride, find the mass of NaCl in
the sample. Is commercial table salt pure sodium
chloride?
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Example 4.12
A 0.2865-g sample of an iron ore is dissolved in acid,
and the iron is converted entirely to Fe2*(aq). To titrate
the resulting solution, 0.02645 L of 0.02250 M
KMnO,(aq) is required. What is the mass percent of iron
in the ore?
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