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Chapter 4
Reactions in Aqueous Solution

Edward J. Neth ¢ University of Connecticut

Outline

» Solute Concentrations: Molarity
 Precipitation Reactions

+ Acid-Base Reactions

+ Oxidation-Reduction Reactions

Review

+ In Chapter 3, we learned about chemical reactions

» Most reactions were between pure gases, liquids
and solids

* No solvent was used

Reactions in the Laboratory

» Because water is common everywhere, most
chemical reactions take place in aqueous solution

» Water is called the universal solvent
» Three common types of reactions in solution:
« Precipitation reactions
« Acid-base reactions
» Oxidation-reduction reactions
- Before we examine each of the three reaction types,
we need to examine the concept of molarity

Solute Concentrations - Molarity

« Definition of molarity
 Molarity = moles of solute/liters of solution
» Symbol is M
» Square brackets are used to indicate
concentration in M
+[Na]=1.0M
 Consider a solution prepared from 1.20 mol of
substance A, diluted to a total volume of 2.50 L
« Concentration is 1.20 mol/2.50 L or 0.480 M

Additivity

» Masses are additive; volumes are not

« The total mass of a solution is the sum of the mass
of the solute and the solvent

» The total volume of a solution is not the sum of the
volumes of the solute and solvent
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Volumetric Glassware =

» Volumetric pipets, burets and flasks are made so
that they contain a known volume of liquid at a given
temperature

» Preparing solutions with concentrations in M involves
using volumetric glassware

Figure 4.1 — Preparation of Molar Solution =

ster 15 achlisd 1o fully
of the salid by

Molarity as a Conversion Factor =

» The molarity can be used to calculate
» The number of moles of solute in a given volume
of solution
 The volume of solution containing a given number
of moles of solute

Example 4.1 =

SELTIERRIN  roitric acidd, NG, is ectensively used in the manufacture of festilizer.

A bottle contalning 750 mL af akr ackd salution = labeled &0 HMO,

oles of HNO e
eds 500 gof HNC

Strategy  The requived conversion Sctors ave

el mal T, ; 402 g HNO),
and

1L ’ 1ol
SOLUTICON
~ £.0 ol HNG, 1L
{a) Py, = TRAmL ¥ X w — 045 mel
1006 L
1 ol HEO, (R L ml

i) . S = 13ml

LEREN &0 o] HNC, 1L

riel L are 0013 rreles FEMEY S0 e sishution Belore addi Gon ol

anges the volume (froim 75 ol to 83 L but aot che nwmber of

Reality Chech  The molarity descesses when wa
the sane, but the volame of the solution s

is ndded, The males of solute stay

Dissolving lonic Solids =

« When an ionic solid is dissolved in a solvent, the
ions separate from each other

* MgCl, (s)  Mg* (aq) + 2 CI (aq)
» The concentrations of ions are related to each other
by the formula of the compound:
* Molarity MgCl, of = molarity of Mg?*
+ Molarity of CI- = 2 X molarity of MgCl,

+ Total number of moles of ions per mole of MgCl,
is3

Example 4.2 =

BEITICER N votssium dichromete, KoCrlh, is used in the tanning of leather, A

flzsk contzining 123 ml of solution is Jabeled 0045 M KUz,

fE” iz added w the solution. Assuming no
Tarily af The new sululion®

Strategy  To go [rom
mus koo
comversion factor, it s helpful v weite ol

SOLUTION

tien ol an Jiom, you
s ol sul

J1 ol KyCrts and | mal €102/

_ D45 mol kit 2 mol K

[K']= = 0.2900M
Ly . T el K0, '
s mal KOty 1 malC _
[CriA] = - ——— = 13 M
11 Tl Gy
(50 First, Gned the moles of K in the orginal selution:
coy 0,290 mol K . .
[ A EYIRECS REFTRTS TR




Wexl, we [ind the molarily ol K* aller the addition of K7 jons:
e = (003625 + 0.200 = 0,236

_ 0.236 mol

K
K] 01251

= 1AM

Finally, we converl |[K'| o [K,Cr, 0| using the jon-lo-solule conversion faclor.
Lo mol K'Y 1 mol K,Crdy,
1L 2mol K

[K.Cra0y] = = D845 M

tion. It is!

Reality Check  The concentration of K should be twice that of Cr.0* in either solu-

« Precipitation in chemical reactions is the formation of
a solid where no solid existed before reaction

 Precipitation is the reverse of solubility, where a solid
dissolves in a solvent to produce a solution

+ Soluble compounds dissolve in water
+ Insoluble compounds do not dissolve

 Precipitates are called insoluble — they do not
dissolve in solution

« Precipitation of an insoluble solid

+ Mix a solution of nickel(ll) chloride with one of
sodium hydroxide

+ A solid forms: Ni(OH), (s)

Lo re———

NOy cr 50,5 OH- cos”  pot

Group 1 cations (Na¥, K*) and NH4*

Group 2 catlons (Mg2*, Ca2+, Ba2+)
BaSO; | Mg(OH),

Transition metal cations (Figure 4.2)

& BrcksTaie. Carpage Lasmeg




Solubility Trends

« From the diagram, we see that some compounds
are mostly soluble

« Compounds of Group 1 and NH,* cations
« All nitrates

+ All chlorides, except for AgCI

« All sulfates, except for BaSO,

Solubilities Trends

+ Some compounds are mostly insoluble
« Carbonates and phosphates, except for the Group
I and ammonium
» Hydroxides, except for the Group 1, Group 2 and
ammonium
* Mg(OH), is insoluble

Working Solubility Problems

« By knowing the rules expressed Figure 4.3, we can
predict what mixtures will precipitate, and what
compounds will form

Example 4.3

Using the precipitation diagram (Figure 4.3}, predict what will
happen when the following pairs of aqueous solutions are mixed.

(al CuiNO5); and (NS0 (b)) FeCls and AgNO;
Strategy  First decide what cation and anion are present in each solution. ‘Then wrile
the formulas of the two possible precipitates, combining a cation of one solution with the

anion of the other solution, Check Figure 4.3 to see if one or both of these compounds
are insoluble. If so, a precipitation reaction occurs.

Example 4.3 (cont'd)

SOLUTION

{a) Toms present in the first solution: Cu®*, NO,7; the second solution: NH,*, S0,
Possible precipitates: CuSCy, NH NG,

From Figure 4.3, both of these compounds are soluble, so no precipitate lorms,

(b) Toms present: Fe'*, Cl75 Ap™, NO.~

Possible precipitates: AgCL Fe{NCH),

LrondI11) nitrate is soluble, but silver chloride is not, When these two solutions are
mixed, silver chloride precipitates.

Net lonic Equations

+ Consider the precipitation of CaCO4 from solutions of
CaCl, and Na,CO4
 Reactants: Ca?*, Cl, Na* and COz*
» Products: CaCOg, Na*and CI-
» Two of the ions are unchanged
» These are spectator ions
* Net ionic equation: leave out the spectator ions
» Ca?*(aq) + COz> (ag) CaCOg(s)




Net lonic Equations

» Must follow the rules for equations
« Atoms must balance
« Charges must balance
« Show only the ions that react

Example 4.4

Exﬂmple 4.4 Write a net ionic equation for any precipitation reaction that occurs

when solutions of the following jonic compounds are mixed.

() MaOH and Cu(NO;); (1) BaCly and Ag,50, () (NH POy and K00,
Strategy  Follow the procedure of Example 4.3 to decide whether a precipitate will
form. Iit does, write its formula, followed by {s), on the right side ol the equation.

Om the Lefl (reactant} side, write the formulas of the ions (ag) required 1o produce the
precipitate, Finally, balance the equation.

SOLUTION

() lons present: Na™, OH™; Cu®*, NO,~

Possible precipitates: NaNCOy, Cu(OLL),

NalN O, is soluble, but CulOIL); is not,

Tquation: Cu? (ag) | 20H {ag) — Cu{OH}(s)

Example 4.4 (cont'd)

(b) Tons present: Ba®™, Cl7; Ag', SO,°
Possible precipitates: BaSCy, AgCl
Both compounds are insoluble, so lwo reactions oceur.

Bat ' (ag) — 507 (ag) —— BaSy(s)

Equations: =0t 4 €1 (ag)—— AgCIls)

() lons present; NIL*, PO K7, €O
Both possible products are soluble, so there is no precipitation reaction and no
equalion,

Why Write Net lonic Equations?

» Net ionic equations
 Focus attention on the reaction
 Simplify calculations

* We will use net ionic equations from now on

Example 4.5 - Precipitation Stoichiometry

Example 4.5 WEelEnh

When aquenus solutions of sodium hydroxide and irond111) nitrate are mixed, a red
precipitate forms.

#(a) Wrile a nel jonic equalion lor the reaction.
s (b)) What volume of 0,136 M iron(l1L} nitrate is required to produce 0.886 g of
precipitate?
s (o) 1low many grams of precipitate are formed when 50,00 mL of 0.200 M Mac}1
and 30,00 mL of 0,125 M Fe(NO3); are mixed?

Example 4.5 - Precipitation Stoichiometry

SOLUTION

(a) Fest | —— FeiOH s

b} L inc the number of v
1667 gimal, sn

les of precipitate. The melar mass of Fe{OH, is

=529 % 107" mol

Mate that in the reaction. ane mole of Fe'* produces cne mole of Fe

fiz = 8.20 % 1077 mol

o will need the mel
there is one ion af Fe*

T B0t etermine e volume required. Sinee

3300 107" mel
o determine the volume, use the relation w = V< 4

529 % 107" mol

v
ECRIIN

LG0T,

i Lhds is a lmiling, tant problem, Specilic smeunts of both reacants are given.

Lirsl, Lol the AL reed i be™ is limiling,
00300 L2 0,125 mal TelMO, 0, Tmelle'™ 1 mal Fe{OH],
] 1L 1 mol Te(NO5), 1 el Fe'=

= (LO0NET7E mal




Example 4.5 - Precipitation Stoichiometry E

LIOH™ is limiling,

0.0500 L > 0.200 mol NaOll 1 mol OH 1 mal FeiOH |,
HpetHy, — * # )

- 1L 1 mol NaOH 3mol OH
= (LINI333 mol
Because 0.00333 is less than 0.00375, OH™ is the limiling reactanl. The theoretical
yield of Fe{OLL); is 0.00333 mol, So, the mass produced is
106,87 g Fe(OH 1,

000333 mol Fe(OH); % —————————
oL Eelti 1 mal Fe{OH],

= 0.356 g Fe(OH),

Acids and Bases

» Everyday life includes contact with many acids and
bases

Strong and Weak Acids and Bases E

 Strong acids ionize completely to H*
* HCl(ag) H*(aq) + CI- (aq)
* In a solution of 1.0 M HCI, there is 1M H* and 1M CI-
* No HCl is left un-ionized
« Other strong acids ionize in similar fashion

The Double Arrow Notation (=) H

» Some equations use a double arrow rather than a
single arrow

» Note that the double arrow points in both directions

» For now, the double arrow indicates that a reaction
does not proceed completely to the right

Weak Acids E

+ Weak acids ionize only partially
* HB (ag) = H* (aq) + B (aq)
* HF (aq) = H" (ag) + F (aq)
« Commonly, weak acids are 5% ionized or less

Strong Bases E

» Strong bases ionize completely to OH-
* NaOH (s) Na* (aq) + OH (aq)
- Ca(OH), Ca?(aq)+ 2 OH-(aq)




Strong Acids and Bases

WELESE  Common Strong Acids and Bases

Acid MName of Acid Base Name of Base
HCI Hydrochboric acid Lithiurn hydroxide
HEr Hydrobromic acid Sodium hydroxide
HI Hydripdic ac Potassium hydeoxide
HND; Nitric acid Calcium hydroxide
HCI, Parc Strantium hydroxide

H:S0, Sulfuric acid

Barium hydroxide

& BooasTan, Corgage Lawneg

Weak Bases

+ Weak bases ionize only partially
* NH; (ag) + H,O = NH,* (ag) + OH (aq)
e CH,NH, (aq) + H,0 = CH;NH," (aq) + OH  (aq)

e Commonly, weak bases are 5% ionized or less

Acids and Bases - Reactions

+ Acids react with bases
« Strong acid-strong base
» Weak acid-strong base
» Weak base-strong acid

Strong Acid-Strong Base Reaction

+ Always the same net ionic equation
* H"(agq) + OH (aq)  H,O
* Note that as usual, net ionic equations use the
smallest whole number coefficients
* 2HBr (aq) + Ba(OH), (agq) 2 H,O + CaBr, (aq)
« Still has the same net ionic equation:
* H"(agq) + OH (aq)  H,O

Weak Acid-Strong Base Reaction

» Two steps
* HB (aq) = H* (aq) + B" (aq)
* H*(ag) + OH (aq)  H,O
» Overall reaction
* HB(aq) + OH (aq) B (aq) + H,0

Weak Base-Strong Acid Reaction

« Two steps
* NH; (aq) + H,0 = NH,* (aq) + OH™ (aq)
* H"(ag) + OH (aq)  H,0

e Overall reaction
» NH; (aqg) + H* (ag) = NH," (aq)




Example 4.6

Example 4.6

Write a net ionic equation for each of the following reactions in
dilute water solulion.

(a) Hypochlorous acid (HCIO) and calcium hydroxide.

(b) Ammonia with perchloric acid (HCIOL).

() Hydriodic acid (HI) with sodium hydroxide,

Strategy Decide whether the acid and base are strong or weak. Then decide which of

Lhe Lhree Lypes ol acid base reactions is involved. Finally, use Table 4.2 o derive the
proper equation,

Example 4.6 (cont'd)

(b) Tons present: Ba®™, Cl7; Agt, 50,7
Possible precipitates: BaSC,, ApCl
Both compounds are insoluble, so lwo reactions oceur.

, . Bat ' (ag) — 50 (ag) —— BaS(s)

Laquations: v e i
Ag'(ag) + C1 (agq) » AgCl{s)

() Lons present: NIL*, PO K7, CO

Both possible products are soluble, so there is no precipitation reaction and no

equalion

Acid-Base Titrations

« Commonly used to determine the concentration of a

dissolved species or its percentage in a mixture
« Titration
» Measuring the volume of a standard solution

(known concentration) needed to react with a
measured quantity of a sample

Titrations

« Titrant (in the buret)
* Know concentration
* Know volume

» Analyte (in the Erlenmeyer flask)
* Know volume or mass

» Determine concentration or mass percent by
reacting with the titrant

Analyzing for Acetic Acid

* HC,H;0,; (ag) + OH- (aq) = C,H;0, (aq) + H,0

 The objective is to determine when the reaction is
complete

» When the number of moles of acid equals the
number of moles of OH-, the equivalence point
has been reached

 Equivalence point is where the number of moles
of acid equals the number of moles of base

« The endpoint is indicated by a color change in
the acid-base indicator

Figure 4.7 — An Acid-Base Titration

& Buccka/Cole, Cargage Lasming




Example 4.7 Example 4.7 (cont'd)

Grades

it St I

Three beakers labeled A, B and Ccontain the weak acid TR The weak acid is titrated
with (1125 M NaOH. Assume the reaction to he

HoMiag) + 2 O (ag) — 2H0 + X {ag)

#{a) Teaker A contains 2500 mT ol (216 M 1123 Whal velume of WaO0T s re-
uired for complele neulralizalion?
##{b} Beaker B contains 25.00 mL of a solution of HyX and requires 2874 mL of
NaOH for complete neutralization. W hat is the melarity of the HX selation?
wwa{c] Beaker Ccontains 00124 g of HaX and 23400 m L ot - Torreach the equiva-
lence point, 22404 mL of MaOH are required, What is the molar mass of HJXF

Strategy  Use the conversion factor obtained from the equation for the reaction:

Zmol OH™
Lmol Hox Mt

00 g/l

me L3I0l

Also, remember

n=Vvxa oand  w= x_:;.{ T
Acids and Metals Oxidation-Reduction Reactions
+ Many metals will react with acids, producing » Short name: Redox reactions
hydrogen gas « Electron exchange

» Oxidation is a loss of electrons
» Reduction is a gain of electrons

Reaction of Zinc with an Acid

Redox Principles

« Zn(s)+2H*(ag) Zn?* (aq) + H, () » Oxidation and reduction must occur together
+ Consider two half equations: + Thereis no net change in the number of
- 7Zn loses two electrons electrons in aredox reaction

*Zn(s) Zn%* (ag)+2e
» H*gains an electron
*2H*(ag)+2e H,(9)




Cause and Effect

» Something must cause the zinc to lose two electrons

« This is the oxidizing agent — the H*
+ Something must cause the H* to gain two electrons
 This is the reducing agent — the Zn
* Note that
» The oxidizing agent is reduced
» The reducing agent is oxidized
» Both of these appear as reactants (not products)

Reducing Agents

» Reducing agents become oxidized
+ We know that metals commonly form cations
+ Metals are generally reducing agents

Oxidizing Agents

+ We know that many nonmentals form anions
» To form an anion, a nonmetal must gain electrons
+ Many nonmetals are good oxidizing agents

Tracking Electrons — Oxidation Numbers

» As we look at the concept of oxidation numbers it is
important to realize that

» Oxidation numbers are not real charges

» Oxidation numbers may or may not correspond
to ion charges

» Oxidation numbers may be fractional

Rules Governing Oxidation Numbers

1. The oxidation number of an element in an
elementary substance is zero.

2. The oxidation number of a element in a
monatomic ion is the charge on the ion

3. Certain elements have the same oxidation number
in most compounds

a. Group 1 metals are +1
b. Group 2 metals are +2
c. Oxygen is usually -2

d. Hydrogen is usually +1

4. Oxidation numbers sum to zero (compound) or to
the charge (polyatomic ion)

Example 4.8

SELPIERRR  what is the oxidation number of phosphorus in sodium phosphite,

Na:PO.? Inthe dibydrogen phosphate ion?
Strategy  First look for elements whose oxidation number is always or almost always

the same {rule 3). Then solve for the oxidation number of phosphorus, applying rule 4.

SOLUTION  Tn Na.PO., the oxidation numbers of Naand Oare 1 1and 2, respec-

tively. Since this compound, like all others, is neutral, the sum of the oxidation numbers

must be zero. Letting x be the oxidation number of phosphorus then,
O0=3+1+x+3-2) x = cxidation number of P = +3

In the H.PO, ™ jon, hydrogen and oxygen have oxidation numbers of + 1 and —2,

respectively, The fon has a charge of — 1, so the sum ol the oxidalion numbers musl be

=1 irule 4). Lelling y be Lhe oxidation number ol phosphorus,

T=p— 20410 +4(-2) v = oxidation numher of P L5

10



Redox Reactions and Oxidation Numbers

+ Oxidation is an increase in oxidation number
* This is the same as a loss of electrons

» Reduction is a decrease in oxidation number
« This is the same as a gain of electrons

Balancing Half-Equations (Oxidation or Reduction) %5

mooOow

Balance the atom of the element being oxidized or
reduced.

Balance the oxidation numbers by adding electrons
Balance charge by adding H* (acid) or OH- (base).
Balance hydrogens by adding H,0.

Check to make sure oxygen is balanced.

Example 4.9

Strateqy  Follow the rales cutlined above. step by stesin Ure proqper arder, and see

what happens.
SOLUTION
(10 () lecause there is ome atom of Kinan bath sides, no adivsment i requined.

Rntdy {agl *Mn® Lag)

11 Hecivase manganese is reduced from an oedation nember of 17 12, e
electrons must e added

5t

) Theve as o totad el
cdgit H™ oo el L

My Ty + EHT i letg) + AHLD

o ol sides, as
oty balnoeed redoe-

ook of oy

fat fhere are the sa s,
are shonld be, The equation shown in green is the co
tinn half-couation

Example 4.9 (cont'd)

(2

) fa) Agan, there is one chromium atom on both sides.

CriOM)y(s) — CrO2 (ag)

(b} Because the exidation number of chromium inereases from +3 1o +6, add three
electrons to the right,

Cr(OH)s(s) —= Cr02? (ag) + 3¢

(c} There is a charge of zero on the left, —5 on the right. To balance charge, add five
OH ions to the left.

CriOH () + 50 (ag) — Cr2(ag) + 3

(d) There are eight hydrogens on the left, none on the right. Add four H.0 maole-
cules to the right.

CriOH(s) | 50H (ag) — CrO2~{ag) + 4H.0 | 3&-

(e} There are eight oxygen atoms on both sides; the oxidation half-equation is
properly balanced.

Balancing Redox Equations

Split the equation into two half equations.
Balance one of the half equations.
Balance the other half equation.

Combine the two balanced half equations so as to
eliminate electrons.

55 (N =

Hint

« In order to split the redox reaction into two half

equations, determine the oxidation numbers first
» One element must be oxidized
* One element must be reduced

11



ELTIEERIE  Balance the lollowing redox equations,

[a) FetHlag) — Moy (ag) —— Fe {ag) + Mo* ' ag) {acidic solution)
() Cl(g) — Cr{OMs) ——Cl (ag) — Crd? {ag) [basic solution)
Strategy  Follow the four-step procedure described above, Actually, i vou look care-
fully at the text preceding this example, vou'll find that all the half-cquations have
already been balanced! 'The color coding should help you lnd them.
SOLUTION
(a) (L} oxidation: Fe*{ag) —— Fe'* (aq)
reduction: Moy ™(ag) ——= Mn**(aqg)
{2}, (3) The balanced half-equations, as obtained previously, are
Fe'*(ag) — Fe**{ag) + e
MnOy"(ag) + 8H (ag) + 57— Mn?*ag) + 4H.0

43 Toclinminale o mualiiply the anida i hal leguation iy 5 and zdd o the
st lalf-eq uation.
Sl e e eyl e ]
Wl fagh+ 85 fagh + e —— 0" (ag) — $HA
SEe™ag) + Mot~ fag) + sHY o — 5Fe™ (] + Mn'~(ag) + 4H,0

z

1 seduction: Clig) — 1 D)
ailation: Cr{OF8 —e O ()
(23,02 Baclier, the belanced Dalf-equitions wese foued to be
g - 2T =200 {ayg)
CriOHs) - SOH fug) —= G Gngd + AR + 2

i Multiply the reduction balf-equatian by 3, the oxidation balfequation by 2,
then add This wil prodice de on besh sades, so they will cancel.
O e —— 201 fag))]
HCEOTL — SO ag) — Cr0Tagh + 4110 + 3]
ACTdg) + E0OHE) + 10O ~(agh — 601 (agh = 2000 (g — SHLO
Reality Chech I o good idea to check auass and change balance i the fl equation.
T pust {0, fon esacnple,

I Moms Cr Atoms 0 Atoms H Atore. Cherge
Left b H 6 1§ -0
Fight n ? i i n

As vou toand in Examele LD, the balanced equation bor the

en My, and Fe'in asidic soluton is

Mgy gl + S e+ SheT Gagh# 5B g+ Mt lag) + 10
What volume of 0,684 44 K300, solution is requires to react completely with 2750 mL
Al L2504 FeMOsS | (Figare 4.9, po92 17
Strategy (L Start by calevlating the number of males of Fe' ' Lhen (23 use the aoseth-
cients ol the halince equation to i the number of meles of M~ Finally, (3], wse
rml'l;lril)- anacomversion e el e volurme of K30y soluton.
SOLUTION

0,230 pel Fe{MO,), L1 mel Fett

(1) sy = BE2TI0L
e . L 1 mel Fel ),

= GER 10 ] et

\ . o Lmel Man, - B
(7 sy - — RN ol B T TLE = 0T mal M,
! 3 mal Fe®
(30 bty ~ Magay,m 18 X 10T mnl Kindly
. 1L
Vo= 138w 107 ol KMy 0 = L2 107 (202 ml)

[RE mol Kind,

» Redox reactions can be used to analyze an unknown
in the same way as is done with acid-base reactions

Wi 1l [assiss R
s the reaction takes

achded,

a reddax weaction oecurs || place, fhe purple colos
chanictoriste of Mid,
fades; the Fel* fanmed
s pae yellow.

iy

1. Relate molarity to moles and volume.

Apply the precipitation diagram.

3. Carry out stoichiometric calculations for reactions in
solution

4. Use tables 4.1 and 4.2 to write net-ionic acid-base
reactions.

5. Determine oxidation numbers.
6. Balance half-equations and redox equations.

N
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