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Required Reading Material.

- Silberberg, Chemistry, 4th edition.
- Chapter 18.
+ Acid/base equilibria. pp.766-813.
- Chapter 19.
+ Tonic equilibria in aqueous systems. pp.814-862.
- Kotz, Treichel and Weaver, 7t edition.

- Chapter 17 (Chemistry of Acids and Bases) &
Chapter18 (Principles of reactivity: other aspects
of ionic equilibr'iag), pp.760-859.

* Chemistry3, Burrows et al.
- Chapter 6, Acids & bases, pp.263-299.
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Review : Kotz Chapter 3 for simple acid/base
definitions.

Lecture 13.

Acid/base chemistry :
Simple ideas: Arrhenius,
Bronsted-Lowry, Lewis.

Kotz: section 3.7, pp.131-139.
Section 17.1, pp.761-762.

Acid and Bases
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The tartness of
lemons and cranges
comes from the weak
acid citric acid. The

&
The sting of
ants is due

to the
acid 1s found widely weak
in nature and in many acid formic
consumer products. acid, HCOzH.
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Acid and Bases

Aspirin is a
weak acid
that has been
used as an
analgesic for
over 100
years.
(Charles

D. Winters)
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Glycine, NH,CH,COH
A
Glycine s representative of the amino acids that
are the basis of proteins. The —COgH group is the
acid portion of the molecule, and the =MH; group
is the basic portion. (Chates D. Winters)

Acid and Bases

A
Caffeine is a

well known
stimulant and
a weak base.
(Charles

D. Winters)
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A sea slug excretes

the strong acid
sulfuric acid in self-
defense. (Sharksong/
M. Kazmers/Dembinski
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Arrhenius (or Classical) Acid-Base

Definition
An acid is a neutral substance
that contains hydrogen and HCI - H*(aqg) +Cl (aq)
dissociates or ionizes in water
to yield hydrated protons or NaOH - Na'(aqg) +OH(aq)
hydronium ions H;O".
A base is a heutral substance ‘HCI +NaOH - NaCl+H O|

- 2

that contains the hydrole grou
and dissociates in water o yiel
hydrated hydroxide ions OH -.
Neutralizationis the reaction of
an H* (H;0") ion from the acid
and the OH - ion from the base
to form water, H,0.

These definitions although
correct are limited in that the
are not very general and do no
Give a comprehensive idea of

what acidity and basicity entails.

Arrhenius acid is a substance that produces H* (H;0*) in water.

® ‘ub." —"'?5'

+
H,0* § ar-

HCI § H.O

Arrhenius base is a substance that produces OH- in water.

C

OH™

NH; + H,0 —




Acids and bases:
Bronsted/Lowry definition.

+  Bronsted/Lowry Acid (HA):

- Anacid is a species which
donates a proton

+  Bronsted/Lowry Base (B):

- Abase is a species which
accepts a proton.

+  These definitions are quite
general and refer to the
reaction between an acid and a
base.

An acid must contain H in its
formula; HNOX and H,PO, are two -« In the Bronsted-Lowry perspective:

i i .
Eﬁg:‘"serlgjfgwr;rgﬁgsus ocids are one species donates a proton and
A base must contain a lone pair of another species accepts it: an acid-
electrons fo bind the H' ion; a few base reaction is a proton transfer

examples are NH;, CO;%, F -, as well
asTO/I‘JlD '.hqunsLeJ—Lovg?*)jr b(lllses are process.
not Arrhenius bases, but a . 3 : _
Arrhenius bases contain the ‘ Chemistry3 section 6.1. pp.264-267. ‘
Brensted-Lowry base OH-.

| Kotz 7t ed. Section 17.1. pp.761-765 |

BL acid/base equilibria.
BLacida & Bl base

HA(aq) + HO (1)

. -
H30" (a) + A (aq Water can function

Proton transfer both as an acid
<BL acid and a base
- - depending on the

HB* (aqg) + OH (aq

BL base B (aq) + HO () circumstances.

* Proton donation and acceptance are dynamic processes for all acids

and bases. Hence a proton transfer equilibrium is rapidly established Acid : proton donor

in solution. Base : proton acceptor
+ The equilibrium reaction is described in terms of conjugate acid/base

pairs.

+ The conjugate base (CB) of a BL acid is the base which forms when the
acid has donated a proton.

+ The conjugate acid (CA) of a BL base is the acid which forms when the
base has accepted a proton.

+ A conjugate acid has one more proton than the base has, and a
conjugate base one less proton than the acid has.

+ If the acid of a conjugate acid/base pair is strong (good tendency to
donate a proton) then the conjugate base will be weak (small

tendency to accept a proton) and vice versa.
Y prap Proton transfer

| i
HA (ag) + B (a)) =——= BH"* (aq) + A (aq]
A B CA CB



A Brgnsted acid is a proton donor
A Brgnsted base is a proton acceptor

C

NH;5 + H-O —_— NHI OH™
base acid acid base
. onjugate conjugate
base acid con) g Jug
acid base
15.1

Brensted-Lowry Acid-Base Definition

An acid is a proton donor, any species which donates a H*.

A base is a proton acceptor, any species which accepts a H".

An acid-base reaction can now be viewed from the
standpoint of the reactants AND the products.

An acid reactant will produce a base product and the two
will constitute an acid-base conjugate pair.



Table 18.4 The Conjugate Pairs in Some Acid-Base

Conjugate Pair

Acid  +
Reaction 1 HF +
Reaction 2 HCOOH +
Reaction 3 NH,* +
Reaction 4 H,PO, +
Reaction 5 H,SO, +
Reaction 6 HPO,> +

Reactions
I _
Base === Base + Acid
I J
Conjugate Pair
HO —=—= F + H,O*
CN- — HCOO + HCN
CO;% === NH;, + HCO4
OH- == HPO,> + H,O
N,Hst == HSO, + N,Hg2
SO === PO/ + HSO;

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Table 15.2 Relative Strengths of Conjugate Acid-Base Pairs

Acid

Conjugate Base

Acid strength increases

Strong acids

Weak acids

A

A

HClO, (perchloric acid)
HI (hydroiodic acid)
HBr (hydrobromic acid)
HCl (hydrochloric acid)
H,S0, (sulfuric acid)
HNO; (nitric acid)
H;0" (hydronium ion)
HSO, (hydrogen sulfate ion)
HF (hydrofluoric acid)
HNO, (nitrous acid)
HCOOH (formic acid)
CH;COOH (acetic acid)
NHZ (ammonium ion)
HCN (hydrocyanic acid)
H,0 (water)

NH; (ammonia)

ClO,; (perchlorate ion)
™ (iodide ion)

Br~ (bromide ion)

Cl™ (chloride ion)
HSO, (hydrogen sulfate ion)
NO;5 (nitrate ion)

H,O (water)

SO2™ (sulfate ion)

F~ (fluoride ion)

NO5 (nitrite ion)
HCOO ™ {formate ion)
CH;COO ™ (acetate ion)
NH; (ammonia)

CN™ (cyanide ion)

OH™ (hydroxide ion)

NH; (amide ion)

Base strength increases

154



Table 6.1 The relative strengths of acids and their conjugate bases

Conjugate acid Conjugate base
Strongest acid HCIO,4 (aq) + H,O() = H;0*(aq) + ClO4 (aq) Weakest base
perchloric acid perchlorate ion
A HCl(ag)+ H,O(I) +— H;0"(aq)+Cl (aq)
hydrochloric acid chloride ion
Triciesi
H,50,(aq) + H,0() = H,0" (aq)+ HSO," (aq) DOEARICE
sulfuric acid hydrogensulfate ion base
N strength
Increasing H;0"(aq) + HO() = H;0%(aq)+H,0 ()
acid oxonium ion water
aci
strength CH;CO,H (aq) + H,0(l) = H;30*(aq) + CH;CO, (aq)
ethanoic acid ethanoate ion
NH,*(aq+ H,O() = H;0"(aq) + NH;(aq)
ammonium ion ammonia
H,0()+H,0() = H;0%(aq)+OH (aq) v
water hydroxide ion
Weakest acid C,H;OH (aq) + H,0() = H;0%(aq) +C,H;0" (aq) Strongest base
ethanol ethoxide ion

-PROBLEM 18.4: Identifying Conjugate Acid-Base  Pairs

PROBLEM: The following reactions are important environmental processes.
Identify the conjugate acid-base pairs.

(@) H,PO,(ag) + COz%#(aq) === HPO,*(aq) + HCO;(ad)
(b) H,O(l) + SOz%(aq) === OH-(ag) + HSO;(aq)
PLAN: Identify proton donors (acids) and proton acceptors (bases).
conjugate paiy ( conjugate paiy

I
SOLUTION: (a) H,PO,(aq) + COs2(ag) === HPO,*(aq) + HCO,(aq)

proton proton proton proton
donor acceptor acceptor donor
conjugate paif : conjugate paiy

|
(b) H,0() + SO2(aq) == OH(ag) + HSO, (aq)

proton  proton proton proton
donor acceptor acceptor  donor



Strong and weak acids.

© Strong acids dissociate completely into ions in water:
HAgory + H:Ogy === H30%q)+ Alag)

In a dilute solution of a strong acid, almost no HA molecules
exist:  [H30'] = [HA],y or [HA],=0

q - JHOIA]

[HA][H,O]
Nitric acid is an example: HNOj; ¢y + H,0 ) =>> H;30% (o) + NO37(o)

at equilibrium, Q. = K, » 1

o Weak acids dissociate very slightly into ions in water:
HAGg * HeOwqy == H30'ag)* A'eq)

In a dilute solution of a weak acid, the great majority of HA
molecules are undissociated: [H30*] « [HA]y; or [HA],, = [HAL

_ [HO"][A7]

@ HATH,0]

at equilibrium, Q. = K, « 1

Betore Alter Complete ionization

The Extent of  cosn  disodain

Dissociation for B
Strong and
Weak Acids

Key concept :
Acid/base strength
quantified in terms
of extent or degree
of dissociation.

An acid or base is
classified as strong
if it is fully ionized
in solution (e.g. HCI,
NaOH).

An acid or base is
classified as weak if
only a small fraction A WA HO' A
is ionized in solution _ e }
(e.g. CH3COOH, NH3) B Weak acid: HAlag) + HOUl —=—— HQ%aq) + A(3q)

Relative number of moles

Hi. T HA ROt W

A Slrong acid: Hafag) + HOW) ——= HO%ag) + A(ag)

Relative number of maoles

Partial ionization



Relative number of moles

Extent of dissociation :
strong acid.

Copyright © The McGraw-Hill C ies, Inc. ission required for rep ion or display.

Before After
dissociation dissociation

Relative number of moles

HA

Strong acid: HA( gor I) + H,0(I) — H;O*(aq) + A-(aq) ‘

Extent of dissociation:
weak acid.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

HA HA H30+ A"

Weak acid: HA( ag) + H,0(l) <= H,0*(aq) + A*(aq)

10



Reactivity of strong and weak acids.

1M Hcl
(aq) 1M CH3COOH(ag)

Classifying the Relative Strengths of Acids.
Strong acids.

There are two types of strong acids:

*The hydrohalic acids HCI, HBr, and HI

*Oxoacids in which the number of O atoms exceeds the number of
ionizable H atoms by two or more, such as HNO;, H,50,, HCIO,

Weak acids.

There are many more weak acids than strong ones. Four
types, with examples, are:

* The hydrohalic acid HF

* Those acids in which H is bounded to O or to halogen, such as
HCN and H,S

* Oxoacids in which the number of O atoms equals or exceeds by one
the number of ionizable H atoms, such as HCIO, HNO,, and H;PO,

Organic acids (general formula RCOOH), such as CH;COOH and
C¢,HsCOOH.

11



Classifying the Relative Strengths of Bases.

Strong bases.

Soluble compounds containing O?- or OH- ions are strong

bases. The cations are usually those of the most active metals:

M,0 or MOH, where M= Group 1A(1) metals (Li, Na, K, Rb, Cs).
* MO or M(OH),, where M = Group 2A(2) metals (Ca, Sr, Ba)

[MgO and Mg(OH), are only slightly soluble, but the soluble
portion dissociates completely.]

Weak bases.

* Many compounds with an electron-rich nitrogen are weak
bases (hone are Arrhenius bases). The common structural feature
is an N atom that has a lone electron pair in its Lewis structure.
* Ammonia (NH5)

+ Amines (general formula RNH,, R,NH, R;N), such as
CH3CH2NH2, (CH3)2NH, (C3H7)3N, and C5H5N

Strong Electrolyte - 100% dissociation

NaCl (s) 222 Na* (aqg) + CI- (aq)

Weak Electrolyte - not completely dissociated

CH,COOH — CH,COO" (aq) + H* (aq)

Strong Acids are strong electrolytes
HCI (aq) + H,0 (§(—=)H;0" (ag) + CI" (aq)
HNO; (aq) + H,O () — H30" (ag) + NOj™ (aq)
HCIO, (aq) + H,O () — H30* (aq) + CIO, (aq)

H,SO4 (aq) + H,O (I) — H30* (ag) + HSO, (aq)
15.4

12



Weak Acids are weak electrolytes
HF (@) + H,0 () EH0" (aa) + F (aq)
HNO, (aq) + H,O () —— H30" (ag) + NO," (aq)
HSO, (aq) + H,O () == H30" (aq) + SO,* (aq)
H,O () + H,O () — H3;O0" (aq) + OH" (aq)

Strong Bases are strong electrolytes

NaOH (s)Na+ (agq) + OH" (aq)

KOH (s) 22 K* (ag) + OH- (aq)

Ba(OH), () 2> Ba?* (ag) + 20H- (aq)

154

Weak Bases are weak electrolytes

F (ag) + H,0 () (C=)OH- (aq) + HF (aq)
NO, (aq) + H,O () —=0OH" (aq) + HNO, (aq)

Conjugate acid-base pairs:

The conjugate base of a strong acid has no measurable
strength.

H3O* is the strongest acid that can exist in aqueous
solution.

The OH- ion is the strongest base that can exist in
ageous solution.

154
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Representing Protons

* Both representations of the proton
are equivalent.

* H50;" (aq), H;03" (aq), HyO4* (aq)
have been observed.

* We will use H*(aq)!

The Nature of the Hydrated Proton

a5 17

H(H,0);
H,0,’

The hydrated proton is quite a complex entity. It is usually represented in
shorthand form as H*(aq). A better representationis in ferms of the
hydronium ion H;0*. We will adopt this representation a lot. The real situation
is more complex. The H;0* ion binds to other water molecules forming

a mixture of species with the general formula H(H,0),". In fact the
structural details of liquid water is still a hot item of research.

14



What is H* (aq)?

H

H H™ o\
H
H+
H,0. .
H H+ H
’ I
~ - O, |
H :
. H,O
e HeO,*
94

The water molecules
in the first solvation
shell are bonded to

the metal cation

"q The water molecules in the
second solvation shell are
less ordered and interact
with those in the first solvation
¢ . shell through hydrogen bonding )

15



Yet more sophistication: Lewis acidity

An Arrhenius acid is defined as a substance that produces H* (H;0*)
in water.

A Brensted acid is defined as a proton donor

A Lewis acid is defined as a substance that can accept a pair of
electrons.
A Lewis base is defined as a substance that can donate a pair of
electrons

6.N. Lewis 1875-1946 H* + :QH_ —_— H—Q:—H
acid base See Kotz section 17.9
.789-798.

H H o PP
| I

] HO+iIN—H — H-N-H

\ |
H H

acid base | http://en.wikipedia.org/wiki/Gilbert_N._Lewis

Electron-Pair Donation and the Lewis Acid-Base Definition
The Lewis acid-base definition :
® A base s any species that donates an electron pair.

®  Anacidis any species that accepts an electron pair.

Protons act as Lewis acids in that they accept an electron pair in all
reactions:

B: + H B— H

The product of any Lewis acid-base reaction is called an adduct, a
single species that contains a hew covalent bond.

@ A Lewis base has a lone pair of electrons to donate.

® A Lewis acid has a vacant orbital



Lewis Acid/Base Reaction

Lewis Lewis Base Adduct
Acid . . .e
3 + [ ] L ] +
—_—
J j E
H* H,0 H;07"
+
@ + {’\) — \{;«)
HF NH, NH,*

nnnnnnnnnnnnnnnnnnnn

Lewis Acids and Bases

F H F H
F—Els + :ILI—H — F—Els—r|\|—H
Foooh Fob

acid base

No protons donated or accepted!

15.12

17



Lewis Acids & Bases

Other good examples involve metal ions.

(1]
¥~ T30—H
° (1]
2+
2+ ==| Co** <—$0—H
Co
) H
ACID BASE
!
Be?te-—:0—H
‘4 " Water-met tal
4 % ion coordinate
J covalent bond.
Octahedral Tetrahedral
[M(H;0)]"" Be®" (aq) + & H0(€) — [Be(H,0),]" " (aq)

Lewis Acids & Bases

The combination of metal ions (Lewis acids)
with Lewis bases such as H,O and NH; leads
to COMPLEX IONS

Cu?"(aq) + 4 NH3(aq) ————> [Cu(NH;),]*" (aq)
light blue deep blue

|
cU2+<----:h‘1~H

H
Copper—ammonia coordinate
covalent bond.

18



Reaction of NH; with Cu?*(aq)

Cu(is) 2

Cu(OH): (5)

Cu(Hz0) 2

Cu?*(ag) + 4 NH(aq) ———> [Cu(NH;3),]*" (aq)

light blue

s

© Brooks/Cole, Cengage Learning

Add
ethylenediamine
HHEHCH N

deep blue

H

\

Qﬁ Cu2* <= N—H
9 \

Y H

! Copper-ammonia coordinate
covalent bond.

Arnimnania Water

PLAY MOVIE

The Lewis
Acid-Base
Chemistry
of
Nickel(II)

19



Lewis Acids & Bases

[Ni(H20)eJ** + 6 NH3 > [Ni(NH;),J**

+ DM6

DMG =
dimethylglyoxime, a
standard reagent
to detect
nickel(II)

Lewis Acid-Base
Interactions in Biology

L PLAY MOVIE |

Heme group

* The heme group in

hemoglobin can
interact with O, and
CO.

« The Feionin

hemoglobin is a Lewis
acid

* O, and CO can act as

Lewis bases

20



Lewis Acids & Bases

Many complex ions containing water undergo
HYDROLYSIS to give acidic solutions.

[Cu(H,0), % + H,O > [Cu(H,0)3(OH)I* + H30*

Lewis Acids & Bases

This explains why water solutions of Fe3*,
Al3* Cu?*, Pb%*, etc. are acidic.

This interaction weakens this bond

Another H,O pulls
this H away as H*

21



Amphoterism of Al(OH);
\“"_

Adding a strong base (NaOH) to Al(OH),
dissolves the precipitate. Here, aluminum
hydroxide acts as a Lewis acid toward the
Lewis base OH™ and forms the soluble
sodium salt of the complex ion [AL(OH),] .

(b) Add NaOH(aq)

(a) Add NH,(aq)
—_

{c) Add HCl(aq)

AL{OH); dissalves when a strong acid (HCL) is
added. In this case, Al{OH); acts as a Bronsted
base and forms a soluble aluminum salt and
water.

Adding aqueous ammonia to a soluble salt of A" leads to
a precipitate of AL{OH),.

© Brooks/Cole, Cengage Learning

Lewis Acids & Bases
This explains AMPHOTERIC nature of

some metal hydroxides.
Al(OH);(s) + 3 H;0* > Al + 6 H,0
Here Al(OH); is a Bragnsted base.
Al(OH);(s) + OH- > Al(OH),
Here Al(OH); is a Lewis acid.

Al¥*— 30—H-"

22
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pH [H:0"* (aq)]/mol dm™
0 1
-
— 1 107
acidic 2 1x10°
3 1x10°
4 1x107
5 1x10°
5
Neutral at g 1=10
25°C (298K) 7 1x10
8 1x10°
9 1x10° :\Nhen ['—éso‘ ('aq)l
10 changes by a factor
ecture SO R
More " 1x10 changes by 1 unit
alkaline 12 1107
13 1x107"
Acid/base equilibria o
C se equ :
Acidic Neutral at 25°C (298K) Alkaline
pH 0 1 2 3 4 5 6 7 8 10 11 12 13 14

1mold
HCI (aq)

Gasic juices)

water

Sea water

omaan
NaOH (aq)

Milk of
magn:

ia

Acid/base equilibria.

Figures  3and 4.14, page 520
Atkins/Jones; Chemistry: Molecules, Matter, and Change. 3¢
© 997by P W Atkins and L. L. Jones
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Acid strength : the acid dissociation constant K,.

| Chemistry? Section 6.2. pp.268-270. |

It is easy to quantify the
strength of strong acids since
they fully dissociate to ions in
solution.

The situation with respect to
weak acids is more complex
since they only dissociate to a
small degree in solution.

The question is how small is
small?

We quantify the idea of
incomplete dissociation of a
weak acid HA by noting that the
dissociation reaction is an
equilibrium process and
introducing the acid dissociation
constant K,.

; & > —
K, values vary over a wide range pK, =-— IoglO Ka

so it is best to use a log scale.

Acid dissociation
~Z "W equilibrium

[HAG@q)+HO() HsO" (ag) + A (aq)
« |Ho A’
° [AllHQ]
[H0][AT]
KA = KC[HZO]= ?i:HA]

Acid dissociation
constant

K4 is a measure of the acid strength.
When K, is large there is considerable
Dissociation and the acid is strong.
When K, is small there

is a small degree of dissociation, and
the acid is weak.

The Meaning of K, , the Acid Dissociation Constant

For the ionization of an acid, HA:

HA(aq) * HZO(I) e H30+(aq) + A-(aq)
[H3O+] [A] Since the concentration of water is

C

- high, and does not change significantly
during the reaction, it's value is absorbed

[HA] [HZO] into the constant.

Therefore: [H01[A] The stronger the acid, the higher the [H;0*]
K = 3 at equilibrium, and the larger the K
¢ [HA]
T a
Stronger acid higher [H30*] larger K,

For a weak acid with a relative high K (~10-2), a 1 M solution
has ~10% of the HA molecules dissociated.

For a weak acid with a moderate K, (~10-3), a 1 M solution
has ~ 0.3% of the HA molecules dissociated.

For a weak acid with a relatively low &, (~10-10), a 1 M solution
has ~ 0.001% of the HA molecules dissociated.

24



Acid strengths and
M K, Values for Some Monoprotic Acids at 25°C
Ka VG I ue . Name (Formula) Lewis Structure* K,

Todic acid (HIO3) 1.6x10°!
Chlorous acid (HCIO») 1.12x1072
Nitrous acid (HNO,) 7.1%x1074
Hydrofluoric acid (HF) 681074
Formic acid (HCOOH) 1.8%10°*

I

5 Benzoic acid (CgHsCOOH) 6.3x107°

zZ

L - -

o Acetic acid (CH;COOH) 1.8X107°

'_

(%)

[a)] o oy

—_— Propanoic acid (CH;CH>COOH) 1.3X107°

(@)

<
Hypochlorous acid (HCIO) 29%x10°%
Hypobromous acid (HBrO) 23%107°
Hydrocyanic acid (HCN) 6.2x107°
Phenol (CgH5OH) 1.0x107'°
Hypoiodous acid (HIO) 2.3x107"
*Red type indicates the ionizable proton; structures have zero formal charge.

Table 6.2 Acidity constants (K,) and values of pK; for some common acids at 298K

Acid K,/moldm=  pK,
Hydriodic acid HI 1x10%° -10 Strongest
Perchloric acid HClo, 1x 1010 -10 acd
[chloric(VII) acid] .
Hydrobromic acid HBr 1x10° -9 Strong
id:
Hydrochloric acid HCl 1x107 -7 acds
Sulfuric acid H,S0, 1510° -3
[sulfuric(VI) acid]
Nitric acid HNO; 25 -1.4
[nitric(V) acid]
Trichloroethanoic acid CCI;CO,H 223105 0.66
Chlorous acid HCIO, 1.1x:107 1.94
[chloric(IIT) acid]
Hydrofluoric acid HF 6.3x10™* 3.20
Nitrous acid HNO, 5.6x107* 3.25
[nitric(I1T) acid]
Methanoic acid HCO,H 1.8x 10 375
Benzoic acid CgHsCO,H 6.3x10° 4.20 Weak
Ethanoic acid CH,CO,H 1.7x10° 476 REIS
Propanoic acid CH,;CH,CO,H 1.3x10°° 4.87
Carbonic acid H,CO;3 4.5x107 6.35
Hypochlorous acid HOCI 4.0x10% 7.40
[chloric(1) acid]
Hydrocyanic acid HCN 6251080 9.21 Weakest
acid

Phenol CgH;OH 1.0x1071 9.99




The Relationship Between K, and pk, |pK,=-log, K,

Acid Name (Formula) K, at 298 K pKa
Hydrogen sulfate ion (HSO,") 1.02 x 102 1.991
Nitrous acid (HNO,) 71x104 3.15

Kal
Acetic acid (CH;COOH) 18x105  PKall 474
Hypobromous acid (HBrO) 2.3 x10° 8.64
Phenol (C,H5OH) 1.0 x 1010 10.00

When K, is small pK, is large and the acid does not dissociate in solution
to alarge extent. A change in 1 pK, unit implies a 10 fold change in K, value
and hence acid strength.

K, and pK,

Copyright @ The McGraw-Hill G ies, Inc. Permission raquired for or display.

Table 18.3 The Relationship Between K, and pK,

Acid Name (Formula) K, at 25°C pK;, |

Hydrogen sulfate ion (HSO, ) 1.02x1072 1.991

Nitrous acid (HNO») 7.1x1074 3.15 Acid
Acetic acid (CH;COOH) 1.8x1077 4,74 Strength
Hypobromous acid (HBrO) 2.3%x107° 8.64 decreases
Phenol (CgHsOH) 1.0x10~ " 10.00

pKA = _Ioglo KA




pK, calculation
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HC,H,0, +  HO0 s G0, * H,0°
acid(1) base(2) base(1) acid(@)

_ [CH,CO,1H 0]
a [CH,CO,H]

=1.8x16°

pK,= -1og(1.8x16°) = 4.74

Weak acids

glycine HNCH,CO,H OH

- - O
lactic acid CHCH(OH) COH /
b 2 —
£ ,



Acid-Base Properties of Water
H,0 () —H" (ag) + OH" (aq)

autoionization of water

L X} /Noo [ + oo =
H—(l):/+\ H=0: = [H—(l)—H] + H—O:
H H H
base conjugate
acid
H,O + H,O0 — H;0* + OH"
acid conjugate
base

15.2

Autoionization of Water

Hzo(l) + Hzo(l) : H3(D+ + OH-

[H;O"J[OH"]

= TIror

The ion-product for water, K
K.[H,O07% = K, = [H;0*][OH] = 1.0 x 101 (at 298K)

For pure water the concentration of hydroxyl and hydronium ions
must be equal:

[H;0°] = [OH] = V1.0 x 10 = 1.0 x 10 7 M (at 25°C)
1000g/L
18.02 g/mol

The molarity of pure water is: = 555 M



The Ion Product of Water

H*][OH"
H,O () ——=H" (ag) + OH (aq) K;= %

[H,O] = constant
K[H,0] = K,, = [H*][OH’]

The ion-product constant (K,) is the product of the molar
concentrations of H* and OH- ions at a particular temperature.

Solution Is
[H*] = [OH1] neutral
0 .
AL25°C _ [H*] > [OH] acidic
K, = [H*][OH]=1.0x 1014 . _
[H*] < [OH1] basic
15.2
Table 6.3 The effect of temperature on K, and the pH of pure water
Temperature / °C Temperature /K K,,/mol?dm pH
0 273 5231050 7.41
10 283 3.0x10°1% 7.26
20 293 6.8x 1071 7.08
25 298 1.0x 1074 7.00
30 303 155410 6.91
40 313 3.0x 107 6.76
50 323 S5Ok 6.63
60 333 9.5x 107 6.51
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Weak Bases and Base Ionization Constants

NH; (ag) + H,O () — NH,* (aqg) + OH" (aq)

+ - weak base
Ky = w Kp l strength I
b [NH,]

K}, = base ionization constant

Basicity Constant K,.

B(ag) + HO () BH' (ag) + OH (aq)

The proton accepting
strength of a base is

[BH"JoH ]

quantified in tferms of the ‘o= Telm.0
basicity constant Ky. K, =K [H,0]= [BH*][OH’]
The larger the value of K, B

the stronger the base.

If K, is large then pKj will be —

small, and the stronger will pK, =-logy, K,
be the base.

Solve weak base problems

like weak acids except solve KoKy, =Ky

for [OH"] instead of [H*]. pK, + pK, = pK,,
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Tonization Constants of Conjugate Acid-Base Pairs

BHA (aq) == H* (aq) + A" (aq) Ka
A (ag) + H,0 () == OH" (aq) + A ag) K,
H,O () =— H* (ag) + OH" (aq) Ky

KaKb = KW

Weak Acid and Its Conjugate Base

~

=

Ka:—w Kb:

)
@

Acid and base dissociation constants

Ionization
Ionization Equilibrium Constant K pK
Acid K, = pK, =

lodic acid HIO; + H,O0 == H ;0% + 104~ 1.6 x 10-! 0.80
Chiorous acid HCIO, + Hy0 == H 0" + ClO,~ 1.1% 1072 1.96
Chioroacetic acid ~ HC,H,CIO, + Hy0 #== Hy0* + CH,CI0,~ 14X 107% 285

Nitrous acid HNO, + Hy0 &= H;0" + NO, 72x% 107 3.4
Hydrofluoric acid HF + H,0 &= H,0" + F~ 6.6 x 1074 318

Formic acid HCHO, + H,0 /== H,0* + CHO,~ 1.8 x 10—4 374
Benzoic acid HCH{0, + Hy0 = H,0" + C;H0,~ 6331075 420
Hydrazoic acid HN; + Hy0 == Hy0% + Ny~ 19 % 10-3 472

Acetic acid HC,H,0, + HyO == H0* + CH;0,” 18% 1075 474
Hypochlorous acid HOCI + H,0 = H,0" + OCI~ 29 %1078 7.54
Hydrocyanic acid HCN + H,0 = H;0* + CN~ 62 x 10~10 9.21

Phenol HOCgH5 + Hy0 &= Hy0" + CH;0~ 1Lox 10717 10,00
Hydrogen peroxide Hy0, + Hy0 &= H,0" + HO,~ 18x 10717 1174

Base Ky, = pKy, =

Diethylamine (CHg)NH + HyO = (C;Hgh,NH,™ + OH™  69%107% 316
Ethylamine CHsNH, + Hy0 = CHNH " + OH™  43x107% 337 =
Ammonia NH; + H,O == NH,* + OH"~ 1.8 % 1075 4.74 i
Hydroxylamine HONH, + H,0 == HONH;" + OH~ 9.1 % 1079 8.04 2
Pyridine CHGN 4 Hy0 == C4HNH™ + OH™ 15X 1079 882 &
Aniline CeHsNH, + Hy0 &= CgHNH;* + OH™ 74 x 10710 913

15.7
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Determining a Value of K, from the pH of a Solution of
a Weak Acid.

Butyric acid, HC4H;0, (or CH;CH,CH,CO,H) is used to
make compounds employed in artificial flavorings and
syrups. A 0.250 M aqueous solution of HC4H-0, is found to
have a pH of 2.72. Determine K, for butyric acid.

HC,H,0, + H,0 % C,H,0, + H,0*  Ka=?

For HC,H,0, K, is likely to be much larger than £,

Therefore assume self-ionization of water is unimportant.

HC,H,0, + H,0 % C,H,0, + H,0*

Initial conc. 0.250 M 0 0
Changes XM +x M +X M
Equilbrm. conc. (0.250-x) M XM XM

Log[H,0*] = -pH = -2.72

[H;0%]=10272=1.9x10° =x

[HC,H,0,]  (0.250 — 1.9x16)

[H3O+] [C4H702_] 19X103 * 19X103

a

K= 1.5x10° Check assumptionkK,>> K.
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- PROBLEM 18.7: Determining Concentrations from K,and
Initial [HA]

PROBLEM: Propanoic acid (CH;CH,COOH, which we simplify and HPr) is
an organic acid whose salts are used to retard mold growth in
foods. Whatis the [H;0%] of 0.10M HPr (K, = 1.3x10-%)?

PLAN:  Write out the dissociation equation and expression; make whatever
assumptions about concentration which are necessary; substitute.
Assumptions:  For HPr(aq) + H,O(I) === H;0*(aq) + Pr(aq)
X = [HPrgiss = [H3Olirom ner= [PT] Ka= [H;O"][Pr]
SOLUTION: [HPr]
Concentration(M) HPr(aqg) + H,O() === H;0*(aq) + Pr-(aq)

Initial 0.10 - 0 0
Change -X - +X +X
Equilibrium 0.10-x - X X

Since K, is small, we will assume that x << 0.10

- PROBLEM 18.7: Determining Concentrations from K,and
Initial [HA]
-inued
[HsO][Pr] ()(x)

1.3x10% = ———— =
[HP1] 0.10

x =7(0.10)(1.3x107%) = 1.1x103M = [H;0"]

Check: [HP]yes = 1.1x103M/0.10M x 100 = 1.1%
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The relationship between [H;0*] and [OH-] and the
relative acidity of solutions.

Copyright © The McGraw-Hill Ct ies, Inc.

ion required for rep! ion or display.

[H:01 < Divid

[H307] > [OH]

[H307] = [OH] [H307] < [OH]

e int

NEUTRAL

The pH concept.

The best quantitative measure
of acidity or alkalinity rests in
the determination of the
concentration of hydrated
protons [H;O*] present ina
solution.

The [H30*] varies in magnitude
over quite a large range in
aqueous solution, typically from 1
M to 1014 M.

Hence to make the numbers
meaningful [H;0"] is expressed
in ferms of a logarithmic scale
called the pH scale.

The higher the [H;0*], the
more acidic the solution and the
lower is the solution pH.

pH = —IoglO[H3O+J
[H,07]=10""

Linear and logarithmic
Scales.

T
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Strong acids and bases

TABLE 17.2

The Common Strong
Acids and Strong Bases

Acids Bases
HCl LiOH
HBr NaOH
HI KOH
HCI1O, RbOH
HNO; CsOH
H,S0," Mg(OH),
Ca(OH),
Sr(OH),
Ba(OH),

*H,S0, ionizes in two distinct steps.

It is a strong acid only in its first
ionization (see page 687).

Thymol Blue Indicator
pH<12< <28<

The pH Scale.

* pH is expressed on a numerical scale from O to 14.
* When [H;0*]= 1.0 M (i.e. 10°M), pH = 0.

When [H;0*]= 104 M, pH = 14,

pH value < 7 implies an acidic solution.

pH value > 7 implies an alkaline solution.

pH value = 7 implies that the solution is neutral.

The definition of pH involves logarithms. Hence a
change in one pH unit represents a change in
concentration of H30* ions by a factor of 10.

[H:0'] 4 oMm

1077 M

10-14 M

0

7

14<=~ PH
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H

—— 1 MNaOH (14.0) The pH Values of
 Lye(13.0) Some Familiar Aqueous
—— Household ammonia (11.9) SOIUfions

g —— Milk of magnesia (10.5)
10 —
Detergent solution {~10)

C Sea water (7.0-8.3)

3 Blood (7.4,

1 Mmilk 5'4' )

— Urine (4.

T Un pnlluted raln water (5.6)

8
(7]
6
5
ah]— Beer (4.0-4.5)
—J— Vinegar (2.4-3.4)

=+—— Lemon juice (2.2-2.4)
_[— Stomach acid (1.0-3.0)

1 MHCI (0.0)

Fig. 18.5

pH
The :
Relations
Among |2 1010 . _
[H30 ], : BASIC 10x1072 1200  1.0x102 200
pH 5 1.0 x10-11 11.00 1.0x1078 3.00
[0 H—] = 1.0x10-10 10.00 1.0x107% 4.00
2 1.0%10°2 9.00 1.0x10°5 5.00
and pOH 1.0 %1078 8.00 1.0x1078 6.00
—| [NEUTRAL 1.0 x10~7 700  1.0x107 700 |
10x10°° 6.00 1.0x1078 8.00
" O 1.0 %1075 500 1.0x10°  9.00
pH =- IOglol_H ;0 ] El 1.0 x1074 400 10x1070 1000
_ 1| 10x10°2 . 10x1071!
POH = —log,[OH | SO




pH - A Measure of Acidity

pH = ~log [H']

Solution Is At 25°C
neutral [H*]1=[OH] [H]=1x107 pH=7
acidic [H*]>[OH] [H]>1x107 pH<7
basic [H*]<[OH] [H]<1x107 pH>7

pH ’ [H] l

Calculating [H;0*], pH, [OH"], and pOH

PROBLEM: In a restoration project, a conservator prepares copper-plate
etching solutions by diluting concentrated HNO, to 2.0M, 0.30M,
and 0.0063M HNO;. Calculate [H;0%], pH, [OH], and pOH of
the three solutions at 25°C.

PLAN:  HNO; is a strong acid so [H;0*] = [HNOg]. Use K, to find the [OH]
and then convert to pH and pOH.

SOLUTION:  For 2.0M HNO,, [H;0*] = 2.0M and -log [H;0*] = -0.30 = pH
[OH] =K,/ [H;0%] = 1.0x1014/2.0 = 5.0x10"1>M; pOH = 14.30

For 0.3M HNO,, [H;0*] = 0.30M and -log [H;O*] = 0.52 = pH
[OH] = K,/ [H50%] = 1.0x10-24/0.30 = 3.3x10-14M; pOH = 13.48

For 0.0063M HNO;, [H;0"] = 0.0063M and -log [H;0"] = 2.20 = pH
[OH] = K,/ [H;0%] = 1.0x10-24/6.3x10°3 = 1.6x10-12M; pOH = 11.80
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Hydrogen ion concentration as pH from measurements
made at the Central Analytical Laboratory, 1997

. 2 i 5-43
Sites not pictured )

. , B 7-48
AK01 5.1 o g 4, £ % 4.5-47
AKD3 5.2 & 45-48
3 44-45
43-44

T EXE

Mational Atmospheric Deposition Program/Mational Trends Network
http:finadp. sws.uiuc. edu

The problem of acid rain.

Methods for Measuring the pH of an
Aqueous Solution

(a) pH paper (b) Electrodes of a pH meter



pH Measurement.

Approximate pH of a solution
determined by use of acid/base

More accurate pH values determined
using an electronic instrument called
a pH meter.

indicators.

Indicators are substances (weak
acids) which change colour over a
specific pH range’when they donate
protons.

We add a few drops of indicator
(which changes colour over the
required pH range) fo the test
solution and record the colour
change produced.

This procedure is utilized in
acid/base titrations. Universal
indicator (mixture of pH indicators)
often used for making approximate
pH measurements in range 3-10.

As solution pH increases, the
indicator changes colour from red to
or'an?e to yellow to green to blue, and
finally to purple.

- The device (consisting of a probe

electrode made of glass an
associated electronics) measures the
electrical potential generated across
a glass membrane (which separates
an internal solution of known [H;0*]
from the external test solution of
unknown [H3;0°]) located at the
electrode tip.

This membrane potential is
proportional to the pH of the test
solution.

A digital readout of solution pH is
obtdined.

The pH meter is essentially a
voltmeter connected to a chemical
sensor probe which is sensitive to
the concentration of hydrated
protons.

The pH meter is an example of a

potentiometric chemical sensor
system. In a potentiometric chemical
sensor, the measured voltage is

Hin(ag) +H,0 - H,0"(ag) +In~

proportional to the logarithm of the
analyte concentration.

pH calculation : strong and
weak acids.

If acid is strong have complete
dissociation then [H*] can be
directly evaluated from
stoichiometry of ionization
reaction. Hence pH can be
evaluated via its defining
equation.

For weak acids have
incomplete ionization . To
evaluate [H*] and hence pH we
need to evaluate degree of
ionization o and we also
require a knowledge of K, .

K Weak acid case
C

[H30+] = M
c=[HA]

pH= loglo[H30+]: loglo{\/c—K:}
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Evaluation of degree of dissociation and pH of weak

acid solutions .

HA(ag) + H,O () ——=

H30 (aq) + A'(aq)

21,0 () == H;0' (aq)+ OII (ag)

Assume that weak acid dissociation process is
predominant and neglect self ionisation of water .

[HA] = ¢ = initial concentration of weak acid (mol L!).

o = degree of ionisation .

HA(aq) + H,O (1) —_—

Initial
concentrations c

Equilibrium
concentrations (l-a) ¢

_— H;0"(aq) + A”(aq)
0 0
O<a<l
oac ac

The acid dissociation
constant is given by :

A

_[H30+]W[A—]eq ac.ac . oo

[HA], T=o)o. l-a

We solve for a to get
a quadratic equation :

Once o is known we can

co’ +K,a-K, =0

JK2 +4cK, K,
2¢

work out [H;0"] and hence
the solution pH since :

Useful approximation .

If o is small (valid if the
acid is weak) then o << 1
Wesetl-a=1

o=
[H,0"]=0c= ]Z:+CK8— 5
~ Ka
e C
T —
[H,0%]= JeK,
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0.100moldm?NaOH 14 -
) Strong acid + Indicator Colour pK, | pH range of
- Thymol blue (acid range) Red | I Yellow | 17| 12-28
Vol. NaOH pH Equivalence
added/cm? 10 qpoim is Methyl orange Red | [0 Yellow | 34| 32-4.4
i lggg 8 atpH 7.0 Bromophenol blue Yellow T Ble | 39| 30-46
21.0 11.41 T green Yellow M Blue | 48| 3.8-54
ggg 19'83 6 Methyl red Red | [ Yellow | 50| 48-60
19.9 3.60 4 Volume of Litmus Red | I (Blie | 65| 50-8.0
19.0 2.59 base needed Y
o o3 ) ot Phenol red Yellow W|Red | 79| 67-81
0 1.00 equivalence point Thymol blue (base range) | Yellow M Bue | 90| 80-97
0 Colourless | Pink 94| 8.0-100
10 20 30 Alizarin yellow R Yellow T | Purple [11.2] 10.1-12.0
Volume of base added/cm®
Lecture 15
Acid/base reactions
. @ . R
o on
o .. L s O™ e, O
l l I l by o Y Q 2n0 co;
¢ ¢ o -
Lo,

so;-

solutions. [‘”’”‘] ()

The neural form ]

(
L

[ Theionc m,]

TRINITY COLLEGE DUBLIN
‘The University of Dublin

COLAISTE NA TRIONOIDE, BAILE ATHA CLIATH
Ollscoil Atha Cliath

Titrations

Kotz 7th ed. Section 18.3, pp.821-832.

In a titration a solution of accurately known concentration is added gradually
added to another solution of unknown concentration until the chemical reaction

between the two solutions is complete.

Titrations are based on the acid/base neutralization reaction.

Equivalence point - the point at which the reaction is complete

Indicator— substance that changes color at (or near) the

equivalence point

Slowly add base
to unknown acid
UNTIL

The indicator
changes color

(pink)

4.7
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Neutralization Reactions and
Titration Curves

- Equivalence poinf:
- The point in the reaction at which both acid and
base have been consumed.

- Neither acid nor base is present in excess.
* End point:

- The point at which the indicator changes color.
- Titrant:

- The known solution added to the solution of
unknown concentration.

- Titration Curve:
- The plot of pH vs. volume.

The millimole

« Typically:
- Volume of titrant added is less than 50
mL.

- Concentration of titrant is less than 1
mol/L.

- Titration uses less than 1/1000 mole of
acid and base.

mol ~ mol/1000 _ mmol
L L/21000 mL
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Strong Acid-Strong Base Titrations

NaOH (ag) + HCI (ag) — H,O () + NaCl (ag) 7=

OH" (ag) + H* (ag) — H,0 (/)
0.10 M NaOH added to 25 mL of 0.10 M HCI

pH

[

@~ e o

At equivalence point :
Amount of acid =
Amount of base

A =g

CaVp = CaVp

Volume NaOH

10 20 30 40 50

Volume of NaOH added (mL.)

added (mL) pH

0.0 1.00

5.0 1.18

10.0 1.37

15.0 1.60

20.0 1.95

22.0 2.20

“““““““““““ Equivalence —_ 24.0 269
point 25.0 7.00
26.0 11.29

28.0 11.75

30.0 11.96

35.0 1222

40.0 12.36

45.0 12.46

50.0 12.52

Strong Acid/strong base titration [(remistry3, section 6.4

pp.282-286.

0.100moldm* NaOH 14 )
added to 20.0cm® of Sst{g?]g Zﬂge‘“
0.100mol dm* HCI 12 9

Vol. NaOH pH 1ol
added/cm® 0
40.0 13.00

Equivalence
point is
atpH7.0

30.0 12.52 8
21.0 S AR
20.1 10.40 6
20.0 7.00
19.9 3.60 4 Volume of
19.0 259 base needed
10.0 1.48 2 to reach the
0 1.00 equivalence point

L i
10 20 30
Volume of base added/cm®

101
As the concentration
st of the acid is
5 - decreasedithelilE 4 - - - - - - -cccvoocmciimmmsenas
6l initial pH is higher

With lower concentrations
of acid and base, the
steep part of the titration
curve becomes shorter

Volume of base added/cm?®

0
141 ' .
Strong acid + A Gl G Sg}u:;gr:s
12| strong base | 0.01 mol dm®

and
NaOH
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Titration of a Strong Acid
with a Strong Base

* The pH has a low value at the beginning.
» The pH changes slowly

- until just before the equivalence point.

* The pH rises sharply

- perhaps 6 units per 0.1 mL addition of titrant.

* The pH rises slowly again.
- Any Acid-Base Indicator will do.

- As long as color change occurs between pH 4
and 10.

Titration of a Strong Acid
with a Strong Base

14.0 —
12.0 —
pH range, alizarin yellow-R
10.0 —
pH range, phenolphthalein
8.0 — z .
Equivalence point
T pH range, bromthymol blue
6.0 —
pH range, methyl red
4.0 — pH range. bromphenol blue
20— pH range, thymol blue
0.0 —

| | | | | | | ! ! |
5.0 10,0 150 200 250 300 350 400 450 3500

Volume of 0.100 M NaOH, mL
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Weak Acid-Stronqg Base Titrations

CH;COOH (aqg) + NaOH (ag) — CH;COONa (aq) + H,0 ()
CH;COOH (aqg) + OH™ (ag) — CH3COO" (ag) + H20 (1)

At equivalence point (pH > 7):
CH;COO" (ag) + H,O () — OH" (ag) + CH;COOH (aq)

pH

14

Equivalence .
point

10 20 30 40

Volume of NaOH added (mL)

Volume NaOH

added (mL) pH
0.0 2.87

5.0 4.14
10.0 4.57
15.0 4.92
20.0 535
22,0 5.61
24.0 6.12
25.0 872
26.0 10.29
28.0 11.75
30.0 11.96
35.0 1222
40.0 12.36
45.0 12.46
50.0 12.52

50

16.4

WA/SB Titration:
Features of interest.

* Four regions in titration

curve can be
distinguished.

- Initial region:

+ weak acid HA and H,0

only present.

- Buffer region:

HA and A- present; PH
change is slow and its
value'is determined via
Henderson-Hasselbalch
equation. Buffer region
contains midpoint o
titration curve. From HH
expression we determine
that pH = pK,at V =
V/2.

_Eq

uivalence point region:

Major species present is
A-and so pH is
determined via
hl‘drolysis expression.

pH value at equivalence
point is not 7 but will be
greater than 7 due to
anion hydrolysis.

- Post equivalence point

region:

Here both A- and OH-
are main species present,
but [OH-]>[A-] and so
pH is determined by
concentration of excess
OH-ion.
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pH

Weak acid/strong base titration

This part of the curve is the same as for theJ

Weak acid + {titration of a strong acid and a strong base
B strong base
12f : - —
Both the acid and its f Equivalence point is at
10 | conjugate base are a pH greater than 7.0

-7 present so the system |-4----"""""""TTTTTmeTe e
81 acts as a buffer

pH

Volume of base
needed to reach the
equivalence point is
the same as with
a strong acid

Half-way point;
pH = pK,

Volume of base added/cm?®

Titration of a Weak Acid
with a Strong Base

4, Solutions Titration Data

of

strong mL NaOH(aq) pH
base 0.00 2.89
5.00 4.14
10.00 4.57
12.50 4.74
15.00 4.92
2 Bu.f fer i 20.00 5.35
solutions 3. Hydrolysis 24.00 6.12
! reaction 25.00 8.72
! 26.00 11.30
] ; 30.00 11.96
1. Solutions of ! 40.00 1236
weak acid i 50.00 12:52

Volume of base



Strong Acid-Weak Base Titrations
HCI (ag) + NH; (ag) — NH,ClI (aq)
H* (aq) + NH; (aq) — NH,Cl (aq)
At equivalence point (pH < 7):
NH,* (aq) + H,O () ——= NH; (aq) + H* (aq)

12 =

pH ¢

Equivalence --
point

Volume of HCI added (mL)

Strong acid/weak base titration

Both the base and its Strong acid + weak base

14 conjugate acid are 1| (In this titration the acid
present so the system | ! | is added to the base)
12 acts as a buffer :

Equivalence point is at
a pH less than 7.0

Volume HCI
added (mL)
0.0
50
10.0
15.0
20.0
220
24.0
25.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0

4}| Volume of acid needed
to reach the equivalence
ol point is the same as with |;

This part of the curve is the same as
for the titration of a strong acid
and a strong base

a strong base

Volume of acid added/cm?®

pH
11.13
9.86
9.44
9.08
8.66
839
7.88

2,70
222
2,00
1.70
152
1.40
1.30

16.4

47



Indicators : a visual estimation of

H i
0 Phenolphthalein, 0 Conjugate base of
Bronsted acid, phenolphthalein,
colorless Bronsted base, pink
HO
, " €0, (aq)
| (aq) + 2 H,0(€) &= 2H,0"(aq) +
]

@ Brooks/Cole, Cengage Learning

48



Acid/Base Indicators

While it is possible to follow the course of an acid/base titration using a
pH meter it is easier to user an indicator. At the end point of the titration
The indicator changes colour. " -
d. s 18.3, pp.821-832.

Color of some substances depends on the pH. | Kotz 71 ed. Section PP |
An acid/base indicator is a weak organic acid (HIn)
that has a different colour from its conjugate base
(In"), with the colour change occuring over a relatively K

narrow pH range.
. Hin
[H07]= Km{ s }

| Chemistry? section 6.5, pp.287-289. |

HIn + Hzo =1In + I"3()+

T CIn'u ate PH = PK, +|Og{[ll-|nl_]}
acid basJe 9 n

Since HIn is a weak acid the ratio of [HIn] to [In-] will be governed by [H30°]
in the test solution.

Indicator changes colour when reaction is half complete when [HIn] = [In-].
At this point pH = pK;,

An indicator does not change colour instantaneously. Generally one can only
See the colour of the neutral (or ionic) form if there is a 10: 1 excess of that
Species present. Hence an indicator that is red in the neutral form and

Blue in the ionized form will appear completely red when [HIn] > 10[In-].

This means that the colour change appears over 2 pH units.

Indicator Colors and Ranges

1

| L | |

|
1 2

H .
Indicator oy 3 4 5 6 7 g g i 12
Alizarin yellow-R Yellow I Violct

i ! ! {
Thymolphthalein 4 Colorless M Blue
Phenolphthalein s [oNN Colorless T Red
Thymol blye (@ L- Yellow D Glue

(base range )

‘ Phenol red

‘ Bromthymol blue

‘ Chlorphenol red
Methyl red
Bromcresol green

Methyl orange

Bromphenol blue Yellow M Bluc-violet - =

Thymaol blue '
| Yellow d

(acid range) Redl 0 : |

Methyl violet Yellow

-
| = Yellow

Yellow

(b}

U violet —————

I Red

N Gluc

Yellow T ved
Red [N Yellow

Yellow N e
Red [ Yellow-orange
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HIn (a9)— H"* (ag) + In (ag)

[HIn]

[In]
[HIn]
[In]

>10 Color of acid (HIn) predominates

<10 Color of conjugate base (In") predominates

Table 16.1 Some Common Acid-Base Indicators

Color

Indicator In Acid In Base pH Range*
Thymol blue Red Yellow 1.2-2.8
Bromophenol blue Yellow Bluish purple 3.0-4.6
Methyl orange Orange Yellow 3.1-4.4
Methyl red Red Yellow 4.2-6.3
Chlorophenol blue Yellow Red 4.8-6.4
Bromothymol blue Yellow Blue 6.0-7.6
Cresol red Yellow Red 7.2-838
Phenolphthalein Colorless Reddish pink 8.3-10.0

* The pH range is defined as the range over which the indicator changes from the acid color to the
base color.

Methyl orange Phenolphthalein

| | | || ]

l o | o
" | v

NMe, NMe,
OH- N.
Noy-H — N
HO
o SO;
The neutral form The ionic form
of methyl orange of methyl orange
in acidic solution in alkaline solution

(a) Strong acid-strong base (b)

141
Phenolphthalein is
12 a poor choice as the
Phenolphthalein colour change does
is a good choice not correspond to
Phenol red is a 10 for an indicator as the steepest part of
good choice for it changes colour the curve
an indicator as it 8f with a small
changes colour I addition of base, .
with a small s | at the steepest “ge¥"V',°'a"9?;; a tg°°d
addition of base, 6 part of the curve choice for an indicator as
odEgc sl aition of ac, a
partotitecurve) 4 Methyl orange is a poor 3 the steepest part of the
choice as the colour change curve
21 does not correspond to the 2
steepest part of the curve

Volume of base added Volume of base added Volume of acid added



Specifics and mechanism of buffer action.

A buffer solution resists changes in | Chemistry3 Section 6.3 pp.279-281 |
H, when small amounts of acid or L :
ase are added. Buffers are used to Added base

keep the pH of a solution constant.
A buffer solution consists of:

- amixture of a weak acid and its salt
(the latter made via reaction of the
weak acid and a strong base),

- A mixture of a weak base and its salt
(the latter made via reaction of the
weak base and a strong acid) .

Hence the buffer solution consists
of aweak acid HA (supplies protons
to an added strong base), and its
conjugate base A~(accepts protons
from added strong acid).

Alternatively the buffer can consist
of a weak base B (accepts protons
from added s‘rror'l? acid) and its
con;uga‘re acid BH* (transfers
protons to added strong base).

A buffer solution contains a sink for
protons supplied when a strong acid
is added, and a source of protons to
suréply to a strong base that is
added.

Added acid
| Kotz 7th Ed, section 18.1,18.2, pp.811-821. |

The joint action of the source and
sink keeps the pH constant when Fieure 1620 s

ins, CHEMISTRY: MOLECULES, MATTER, AND CHANGE, Fourth Edition

strong acid or strong base is added Conmish © 200y Lot ot nd et Alkis
to the solution.

The Effect of Addition of Acid or Base to
Un-buffered or Buffered Solutions

100 mL HCI unbuffered
pH 5.

A S Addition of 1mL of 1M HCl or 1M NaOH.
Get large change in solution pH value.

100mL buffer solution.
1M acetic acid/1M sodium
Acetate, pH5.

¢ D | addition of 1mL of 1M HCl or 1M NaOH to buffer.
Get little change in solution pH value.




Buffer Solutions

‘ Kotz, section 18.2 ‘

| HCl is added to pure water. |

nif

) By ' i e

L ___PLAY MOVIE |

HCl is added to a solution of a
weak acid H,PO, and its
conjugate base HPO,?-.

'l

L PLAY MOVIE |

Buffer Solutions

A buffer solution is a special case of the
common ion effect.

The function of a buffer is to resist
changes in the pH of a solution.

Buffer Composition
Weak Acid + Conj. Base

HOAc + OAc
H2PO4_ + HPO42-
NH,* . NH,
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Buffer Solutions

Consider HOAc/OAc- to see how buffers work
ACID USES UP ADDED OH-
We know that
OAc + H,0 =2 HOAc + OH-
has K, = 5.6 x 10-10

Therefore, the reverse reaction of the WEAK
ACID with added OH-

has Keyerse = 1/ K, = 1.8 x 10°

Kreverse 1S VERY LARGE, so HOAc completely
eats up OH- Il

Buffer Solutions

Consider HOAc/OAc to see how buffers
work.

CONJ. BASE USES UP ADDED H*
HOAc + H,0 2 OAc + H;0*
has K, = 1.8 x 10-3

Therefore, the reverse reaction of the
WEAK BASE with added H*

has K.pyerse = 1/ K, = 5.6 x 104
Kreverse 1S VERY LARGE, so OAc™ completely
eats up H* |
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How a Buffer Works

Buffer after addition Buffer with equal Buffer after addition
of H,0" concentrations of of OH™
conjugate acid and base

H,O* OH™
CH,C00™ | CH,COOH| <— | CH,CO0" |CH,COOH| — | CH,C00" | CH,COOH

[H,0 + CH;COOH — H,0" + CH,CO0"| [CH,COOH + OH™ — CH,C00™ + H,0

A buffer consists of a solution that contains “high" concentrations of
the acidic and basic components. This is normally a weak acid and the
anion of that weak acid, or a weak base and the corresponding cation of
the weak base. When small quantities of H;O* or OH- are added to the
buffer, they cause a small amount of one buffer component to convert
into the other. As long as the amounts of H;O* and OH- are small as
compared to the concentrations of the acid and base in the buffer, the
added ions will have little effect on the pH since they are consumed by
the buffer components.

The Henderson-Hasselbalch Equation

Take the equilibrium ionization of a weak acid:
HAw) * H2Oq) = HiOg * Awg o TH5O"TIAT]

=
[HA]
Solving for the hydronium ion concentration gives:

[H o+] = K M The pH is determined largely by the pKa
3 a _ of the acid and then adjusted by the ratio
] of acid and conjugate base.

Taking the negative logarithm of both sides:
-log[H30*] = -log K - log ([H_A]) pH = -log K - Iog([[jq])
[A’]

Generalizing for any conjugate |- pKAHOgm{[salt]}
acid-base pair 14> [acid]

Henderson-Hasselbalch A
equation L PH = pK, + '0910{[%}
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Buffer Capacity and Buffer Range

Buffer capacity is the ability to resist pH change.

The more concentrated the components of a buffer, the greater

the buffer capacity.

The pH of a buffer is distinct from its buffer capacity.

A buffer has the highest capacity when the component

concentrations are equal.

Buffer range is the pH range over which the buffer acts effectively.

Buffers have a usable range within + 1 pH unit of the pK, of

its acid component.

Buffer capacity.

+ Buffer solutions resist a pH
change as long as the
concentrations of buffer components
are large compared with
the amount of strong acid or
base added.

+ Buffer capacity depends on
the component concentrations and
is a measure of the capacity to
resist pH change.

* The more concentrated the
components of the buffer, the
greater the buffer capacity.

- Buffer capacity is also affected by
the relative concentrations of
the buffer components.

+ For the best buffer capacity we
must have

)

Buffers have a useable range within
+ 1 pH unit of the pK, value.

tration (M) of

oncen

C

Given quantity of strong
base added to acetic
acid/sodium acetate buffer.

===
——
o

:| 0.30

0.10

buffer components

0.030

| 48 49 50 51

(lnltlal pH pH pH change
= 4.74) observed.

The best choice of WA/CB pair for a buffer system
is one in which [HA] = [A"]. In this case the WA has
a pK, value equal to the desired solution pH.
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Powsasa i 1 “Amduno AN W00 O NBido)

Fraction as species

More on buffer solutions.

Atkins & Jones p.562

Acetic
acid

—— |Buffer\/ range
pH=4.76

e

Acetate
ion

Six Methods of Preparing Buffer

Table 15.4 Typical buffer systems

Composition pka
ACID BUFFERS
CH3COOH/CH3C03 47
HNOo/NO3 33
HCIO2/C103 <
BASE BUFFERS
NH/NH3 925
(CHlNH'/(CHglaN 98
HPOi/HPOF 72

Solutions

Weak acid (HA)

Titrate with NaOH

1o adjust
[HA]
[A7]
10 give

HA+OH™ — A~ +H0

Weak base (B)

AN

Titrate with HCI
B+ HY — BH*
1o adjust

[BH*]
[B]

to give

A Desired pH N

Weak acid (HA) and salt (NaA)

Mix HA and A~ to give

Weak base (B) and salt (BHCI)

[HA]
H, 0] =K, ——
=t

_ K, [BH]

[H,0™] = xal_BHﬂ MixlB and BH*
; [B] to give

K, Bl

Salt of weak acid (NaA)

Titrate with HCI
AT +H" — HA
to adjust

[HA]

[A7]

o give

Salt of weak base (BHCI)

Titrate with NaOH
BH* +OH™ —— B+H,0
to adjust

[BH']
[B]

to give
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Calculating Changes in Buffer Solutions

77777 A Buffer containing HA and A~

Qmichi‘amclric Add strong acid Add strong base

' it A" +H,0' — HA+H,0 HA+OH —— A +H,0
p‘ (neutralization) (neutralization)

|
| \" Recalculate [HA] and [A 7] /
~~~~~ O

Equilibrium [HA]
part Calculate [H;0"] = K,——
77777 Y : AT

[A7]
or pH = pK, + log
p PR, (HA]

- Problem 19.1 Calculating the Effect of Added H ;O* or OH-
on Buffer pH

PROBLEM: Calculate the pH:

(a) of a buffer solution consisting of 0.50M CH;COOH and 0.50M CH;COONa
(b) after adding 0.020mol of solid NaOH to 1.0L of the buffer solution in part (a)

(c) after adding 0.020mol of HCI to 1.0L of the buffer solution in part (a)

K, of CH;COOH = 1.8x10°. (Assume the additions cause negligible volume
changes.

PLAN: We know K, and can find initial concentrations of conjugate acid and
base. Make assumptions about the amount of acid dissociating relative to its

initial concentration. Proceed step-wise through changes in the system.
SOLUTION: (a)

Concentration (M) CH,;COOH(aq) + H,0() === CH,;COO(aq) + H;0"(aq)

Initial 0.50 - 0.50 0
Change - X - +X +X
Equilibrium 0.50-x - 0.50 +x X
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- Problem 19.1 Calculating the Effect of Added H ;0* and OH-

on Buffer pH
[e8htinued (2 of 4)
[H;0%] = x [CH3COOH] gy = 0.50M [CH3COO ;i = 0.50M
_ [HO'][CH;CO0T] [CH,COOH]
Ka= — — —  © [H0]=x=K, ———— E 1.8x05vll
[CH,COOH] [CH,COO]

Check the assumption:  1.8x10-5/0.50 X 100 = 3.6x10%%

® [OHadded = m =0.020M NaOH

1.0L soln

Concentration (M) CH;COOH(ag) + OH(aq) === CH;COO(aq) + H,0 (I)

Before addition 0.50 - 0.50 -
Addition - 0.020 - -
After addition 0.48 0 0.52 -

- Problem 19.1 Calculating the Effect of Added H ;0* and OH-

on Buffer pH
[88htinued (3 of 4)

Concentration (M) CH;COOH(aq) + H,0() === CH;CO0O0(aq) + H;0*(aq)

Set up a reaction table with the new values.

Initial 0.48 ; 0.52 0
Change - X - + X + X
Equilibrium 0.48 -x - 0.52 +x X
[H,0"] = 1.8x105 228 — 1 7410 Bt = 4770
0.52
©  [HeOageg= —2229M9  _ ) 020M H,0*
1.0L soln

Concentration (M) CH,;COO-(aqg) + H;O*(aq) === CH3;COOH(aq) + H,0 (l)

Before addition 0.50 - 0.50 -
Addition - 0.020 - i,
After addition 0.48 0 0.52 -
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- Problem 19.1 Calculating the Effect of Added H ;0* and OH-

on Buffer pH
[ehtinued (4 of 4)

Concentration (M) CH;COOH(aq) + H,0() === CH;CO0O0(aq) + H;0*(aq)

Set up a reaction table with the new values.

Initial 0.52 - 0.48 0
Change - X - + X + X
Equilibrium 0.52 -x - 0.48 +x X
[H,0"] = 1.8x10°5 222 = 5 0x10°5 Bt = 4708
0.48

Acid/base properties of salts.

* A salt is an ionic compound formed by the
reaction between an acid and a base.

- Salts are strong electrolytes that completely
dissociate into ions in water.

* The term salt hydrolysis describes the
reaction of an anion or a cation of a salt, or
both, with water.

* Salt hydrolysis usually affects the pH of a
solution.

» Salts can produce acidic solutions, basic
solutions or neutral solutions.
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Behavior of Salts in Water

Table 18.8 The Behavior of Salts in Water

Salt Solution Nature lon That Reacts
(Examples) pH of lons with Water
Neutral 7.0 Cation of None
[NaCl, KBr, Agi‘;ﬁ"gf base
Ba(NO,),] strong acid
Acidic <7.0 Cation of
weak base
[NH,CI, NH;NO,, Anion of
CH;NH,Br] strong acid
Acidic <7.0 Small, highly Cation
charged cation
[AING,),, Anion of
CrCl,, FeBr;] strong acid
Basic >7.0 Cation of Anion
strong base
[CH,COONa, Anion of
KF, Na,CO,] weak acid

& McGraw-Hill Higher phen Frisch

Acid-Base Properties of Salts

Acid Solutions:

Salts derived from a strong acid and a weak base.
H,O .
NH,CI (s) —==—NH,* (aq) + CI (aq)
NH,* (aq) == NH; (aq) @(aq)

Salts with small, highly charged metal cations (e.g. Al**,
Cr3*, and Be?*) and the conjugate base of a strong acid.

Al(H,0)3(aq) == AI(OH)(H,0)"(aq) + H* (aq)

15.10
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Acid-Base Properties of Salts
Neutral Solutions:

Salts containing an alkali metal or alkaline earth metal
ion (except Be?*) and the conjugate base of a strong
acid (e.g. CI, Br, and NOy).

H,O
NaCl (s)—— Na* (aq) + CI- (aq)

Basic Solutions:

Salts derived from a strong base and a weak acid.

H,O
NaCH,COO (s) — Na* (aq) + CH,COO" (aq)
CH;COO" (ag) + H,O () —— CH;COOH (aq) (aQ)

15.10

Acid-Base Properties of Salts

Solutions in which both the cation and the anion hy drolyze:

» K, for the anion > K, for the cation, solution will be basic
» K, for the anion < K, for the cation, solution will be acidic

» K, for the anion = K, for the cation, solution will be neutral

Table 15.7 Acid-Base Properties of Salts

lons That
Undergo pH of
Type of Salt Examples Hydrolysis Solution
Cation from strong base; anion from strong acid Nadcl, KI, KNO3, RbBr, BaCl, None =7
Cation from strong base; anion from weak acid CH3COONa, KNO, Anion >7
Cation from weak base; anion from strong acid NH,4Cl, NH;NO3 Cation <7
Cation from weak base; anion from weak acid NH;NO,, CH;COONH,, NH,CN Anion and cation <7 if K, <K,
~7ifK, ~ K,
>7if K, > K,
Small, highly charged cation; anion from strong acid  AlCl3, Fe(NOs)s Hydrated cation <7
15.10
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COLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE DUBLIN
f Dublin

Ollscoil Atha Cliath | The University of D

Lecture 15

Solubility Equilibria

PRECIPITATION REACTIONS
Solubility of Salts

| Kotz section 18.4, pp. 832-842 |

PLAY MOVIE

Lead(ll) iodide
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Types of Chemical Reactions

+ EXCHANGE REACTIONS:

AB+CD > AD +CB
- Acid-base:
CH3;CO,H + NaOH > NaCH;CO, + H,0
- Gas forming:
CaCO; + 2 HCl » CaCl, + CO,(g) + H,O
- Precipitation:
Pb(NO;) , + 2 KI > PbI,(s) + 2 KNO;

+ OXIDATION REDUCTION

- 4Fe + 30292[:6203
* Apply equilibrium principles to acid-base and
precipitation reactions.

Analysis of Silver Group

AgCl PDbCI, Hg,Cl,

Ag® Pb?" Hg,?" Allsalts formed in this
experiment are said to

be INSOLUBLE and
form when mixing

moderately
concentrated solutions
of the metal ion with
chloride ions.

=

L PLAY MOVIE ]
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Ag* Pb* Hg>*  Analysis of
Silver Group
AgCl PDbCl, Hg,Cl,

Although all salts formed in this experiment are said
to be insoluble, they do dissolve to some SLIGHT
extent.

AgCl(s) = Ag*(aq) + Cl-(aq)
When equilibrium has been established, no more
AgCl dissolves and the solution is SATURATED.

Ag" Pb* Hg;*  Analysis of

AgCl PbCl, Hg,Cl, Silver Group

AgCl(s) = Ag*(aq) + Cl(aq)

K.=[Ag*][CI']= 2.79 x 1010

Because this is the product of "solubilities”,
we call it

Ksp = solubility product constant
- See Kotz, Table 18.2 and Appendix J
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Ag* Pb* Hg,”  Analysis of

AgCl PDbCl, Hg,Cl, SI|V€r' GPOUP

AgCl(s) = Ag*(aq) + Cl(aq)
When solution is SATURATED, expt. shows that
[Ag*]= 1.67 x 105 M.
This is equivalent to the SOLUBILITY of AgCl.
What is [CI-]?
[Cl']1=[Ag*] = 1.67 x 105 M

Ag® Pb** Hg*  Analysis of
AgCl PbCI, Hg,ol,  Oilver Group

AgCl(s) = Ag'(aq) + Cl(aq)
Saturated solution has

[Ag*]1=[ClI']1= 167 x 10° M
Use this to calculate K,
K = [Ag'] [CI]
(1.67 x 10-°)(1.67 x 109)
2.79 x 10-10
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Some Values of K,
Table 18.2 and Appendix J

TABLE 18.2 Some Common Insoluble Compounds and Their K, Values*

Formula Name K., (25 °C) Common Names/Uses

CaC0; Calcium carbonate 3.4 X 1077 Calcite, iceland spar

MnCO, Manganese(II) carbonate 2.3 x 1071 Rhodochrosite (forms rose-colored crystals)

FeC0s; Iron(II) carbonate 3.1x 1070 Siderite

CaF, Calcium fluoride 53 x 1071 Fluorite (source of HF and other inorganic fluorides)
AgCl Silver chloride 1.8 X 107 Chlorargyrite

AgBr Silver bromide 5.4 X 107% Used in photographic film

Cas0, Calcium sulfate 4.9 % 107° The hydrated form is commonly called gypsum
Baso, Barium sulfate 1.1 X 10° 1 Barite (used in “drilling mud” and as a component of paints)
S50, Strontium sulfate 3.4 % 1077 Celestite

Ca(OH), Calcium hydroxide 5.5 X 105 Slaked lime

* The values in this table were taken from Large’s Handbook of Chemistry, 15th edition, McGraw-Hill Publishers, New York, NY (1099),
Additonal K, values are given in Appendix J.

© Brooks/Cole, Cengage Learning

Lead(II) Chloride

PbCl,(s) = Pb%(aq) + 2 Cl-(aq)
Kep = 1.9 x 10 = [PbZ*][CI']?

PLAY MOVIE
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Solubility of Lead(IT) Iodide

Consider PbI, dissolving in water
PbI,(s) = Pb?*(aq) + 2 I-(aq)
Calculate K,

if solubility = 0.00130 M

Solution
1. Solubility = [Pb?*]1=1.30 x 103 M

[L]=?
[T-]=2 x [Pb?*]=2.60 x 103 M

Solubility of Lead(IT) Iodide

Consider PbI, dissolving in water st
PbI,(s) = Pb2*(aq) + 2 I-(aq) -
Calculate Ky,

if solubility = 0.00130 M

Solution
2. Ksp = [Pb2+] [I-]?

= [Pb#]{2 - [Pb**]}?
Kep =4 [POZT _ 4 (solubility)3
Ke = 4(1.30x109)3 = 8.79 x 10
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Precipitating an Insoluble Salt

Hg.Cly(s) = Hg,*(aq) + 2 Cl(aq)

Kep = 1.1x 108 = [Hg,>*] [CI']?

If [Hg,%*] = 0.010 M, what [CI-]is req'd
to just begin the precipitation of
Hg,Cl,?

That is, what is the maximum [Cl-] that
can be in solution with 0.010 M Hg,?*
without forming Hg,Cl,?

Precipitating an Insoluble Salt
Hg.Cl(s) = Hg,**(aq) + 2 Cl(aq)
Ko, = 1.1x 10718 = [Hg,**] [CI']?
Recognize that
Ksp = product of
maximum ion concs.

Precip. begins when product of
ion concs. EXCEEDS the K,,.
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Precipitating an Insoluble Salt
Hg.Cl,(s) = Hg,**(aq) + 2 Cl(aq)
Kep = 1.1x 10718 = [Hg,2*] [CI]2
Solution
[CI-] that can exist when [Hg,2*] = 0.010 M,

[ K
[CI]=4/—2-=11x10% M
0.010

If this conc. of Cl- is just exceeded, Hg,Cl,
begins to precipitate.

Precipitating an Insoluble Salt

Hg,Clx(s) = Hg,2*(aq) + 2 Cl-(aq)
K = 11x1078
Now raise [Cl-] to 1.0 M. What is the value of [Hg,?*] at
this point?
Solution
[H922+] = Ksp/ [CI.]2
= Kep / (102 = 11x 1078 M
The concentration of Hg,?* has been reduced by 10 |
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The Common Ion Effect

Adding an ion "common” to an equilibrium
causes the equilibrium to shift back to
reactant.

Ag+
a0 7

Ag*

= %
H, €0, ~ 02

l‘\, ‘/‘ \ No.?" i
y ¥ X

CH3C0,~ (Agt CH3C0,™ (Ag
0, (Agt' CH;C0,~ (Agh CHf
CH300,~ (Agt) CH300,74

0, (Ag*) CH;0, (Ag*) CHj
h CH3C0,~ (Agt CH,C0,

@ Brooks/Cole, Cengage Leaming

Common Ion Effect

PbCl,(s) = Pb2*(aq) + 2 Cl(aq)
K, = 19 x 103

i)
o
2
o
“
=
=
Time
g
® Fp2+
=
2
]
Time
PbC1 (s == Pb2+ {aq) + 2 17 {aq)
PLAY MOVI
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Kep = 1.1 x 10710

(a) BaSO, is a common  (b) BaSO, is opaque

mineral, appearing a to x-rays. Drinking

white powder or a BaSO, cockftail

colorless crystals. enables a physician
to exam the
intestines.

The Common Ion Effect

Barium Sulfate

Calculate the solubility of BaSO,in (a) pure
water and (b) in 0.010 M Ba(NO,).,.

K, for BaSO,4= 1.1 x 1010

BaSO,(s) = Ba?*(aq) + S0,%(aq)

Solution (a)

Solubility in pure water = [Ba?*] = [SO,%] = x
I<sp = [Ba®*] [SO4%] = x2

x = (Kp)2=11x10°M

Solubility in pure water = 1.0 x 10-°> mol/L
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The Common Ion Effect

Calculate the solubility of BaSO, in (a) pure water and (b)
in 0.010 M Ba(NO;),.

K, for BaSO, = 1.1 x 10-10

BaSO,(s) = Ba?‘(aq) + S042-(aq)

Solution (b)
Solubility in pure water = 1.1 x 10-> mol/L.

Now dissolve BaSO, in water already containing 0.010 M
Ba?.

Which way will the "common ion” shift the equilibrium?

Will solubility of BaSO, be less than or greater than in
pure water?

The Common Ion Effect

Solution (b) cont.

[Ba*] [SO4*]
initial 0.010 0
change +y ry
equilib. 0.010 +y y

Ksp = [Ba?*] [SO42] = (0.010 +y) (y)

Because y < 1.1 x 105 M (= x, the solubility in pure water), this
means 0.010 +y is about equal to 0.010. Therefore,

K, = 1.1 x 10710 = (0.010)(y)

y = 1.1 x 108 M = solubility in presence of added Ba?* ion.

SUMMARY

Solubility in pure water = x = 1.1 x 10> M

Solubility in presence of added Ba?* = 1.1 x 108 M

Le Chatelier's Principle is followed!
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Separating Metal Ions
Cu?*, Ag*, Pb?*

K, Values

AgCl 1.8 x 1010
PbCl, 1.7 x 102
PbCrO, 1.8 x 1014

| Kotz, section 18.5, pp. 842-845 |

L PLAY MOVIE |

Separating Salts by Differences in K,

A solution contains 0.020 M Ag* and Pb?*. Add CrO,% to
precipitate red Ag,CrO, and yellow PbCrO,. Which
precipitates first?

K, for Ag,CrO, = 9.0 x 1012

Ks, for PbCrO, = 1.8 x 1014

Solution

The substance whose K, is first
exceeded precipitates first.

The ion requiring the lesser amount of
CrO4% ppts. first.
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Separating Salts by Differences in K,

A solution contains 0.020 M Ag* and Pb2*. Add CrO,%- to precipitate red
Ag,CrO, and yellow PbCrO,. Which precipitates first?
K, for Ag,CrO, = 9.0 x 10-12

K, for PbCrO, = 1.8 x 10-14

Solution
Calculate [CrO,%] required by each ion.
[CrO4%] o ppt. PbCrO, = Ky, / [Pb?']
= 1.8x101/0.020= 9.0x 1013 M

[CrO42-] to ppt. Ag,CrO, = K, / [Ag']?

= 9.0 x 10-12/ (0.020)? = 2.3 x 108 M

PbCrO, precipitates first

Forming and dissolving precipitates: insoluble compounds often dissolve on
Adding a suitable complexing agent.

Kotz, section 18.6, pp.846-848

NaBr{aq)

AgCl(s),
Kp=18%x101
(a) AgCl precipitates
on adding NaCl(aq) to
AgNO;(aq) (see Figure
3.7).

[Ag(NH5),] " (a9) AgBr(s),

Kp=5.4 %1071
(<) The silver-ammonia
complex ion is changed to
insoluble AgBr on adding
NaBr(aq).

[Ag(S204).1° " (2a)
(b) The precipitate of AgCl
dissolves on adding agueous
NH; to give water-soluble
[Ag(NH;).] "

(d) Solid AgBr is dissolved

on adding Na,S,05(aq). The

product is the water-

soluble complex fon
[Ag(5,05)2]"
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