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Learning Outcomes
LO | Students should ho able to:

1 | Show understanding of, and

|
Section 1
apply the Arrhenius theory of acids and bases | 2.2 l’

2 | Show understanding of, and apply tha Bronsted-Lowry theory of acids and | 2.2
bases, including the concept of conjugats acids and conjugale bases

Show undorstanding of, and apply the Lewis theory of acids and bases | 2.2
(Including non-aqueous system @ g. reaction between BF; and NH;)
4 | Explain qualitatively the differences in behaviour between strong and weak 24
aclds and bases in terms of the extent of dissociation
5 | Explain tho terms pH; K, pKa, K, pK,
Including the relationship K, = KK

6 | Calculata [(H*(aq)] and pH values for strong acids, weak monobasic 5-6
(monoprollc) acids, strong bases, and weak monoacidic bases

K« and apply them in calculations, 3-7

) Doscrlho‘lho changes in pH during acid-base lirations and explain these 10
changes in terms of the strengths of the acids and bases

8 | Explain the choico of suitable indicators for acid-base titrations, given 9
appropriate data.

9 | Explain how buffer solutions control pH 8.1-8.2

10 | Doscribe and explain the uses of buffers, including the role of H,COy/HCO;~ 8.5
In controlling pH in blood

11 | Calculate the pH of buffer solutions, given appropriate data 8.3-8.4
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Guiding Questions
e Theories of Acids and Bases

What are acids and bases?

What models can be used to classify substances as acids and bases? |

e Acid-base Equilibria
What is a strong or weak acid/base? How can the strength of acids and bases be |
represented and determined? What is the relationship between concentration of acid |
(base), pH (pOH) and strength of acid (base)? '
What are buffers? How do buffers work? How can the pH of buffers be determined? |
What are the changes in pH during acid-base titrations? How can these pH changes |

be explained?
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1 Introduction

1.1 Types of equilibria

» Chemical equilibrium

* Dissociation equilibrium - the equilibrium between a dissalved undissociated molecule
and its dissociated ions which mainly involve either acids or bases.

* Solubility equilibrium - the equilibrium between an undissolved solid and its dissolved
species in solution.

* Complex ion equilibrium

1.2 Strength of electrolytes

lonic equilibrium deals with electrolytes both weak and strong. Electrolytes are compounds
which, when molten or in aqueous solution, will conduct an electric current and can be
decomposed by it at the electrodes.

« Strong electrolytes are ionic compounds which dissociate completely into free ions in
solution. Strong acids, e.g. HC/, HNO3, strong bases, e.g., NaOH, and soluble salts, eg,
NaC/, NH4CI, CH;COONa*, can be classified as strong electrolytes.

NaCl (s) + ag — Na*(aq) + Cr (aqg)

« Weak electrolytes are compounds that dissociate partially when dissolved in water e.g.
ethanoic acid, aqueous ammonia, organic acids and bases

CHsCOOH (aq) + H:0 () == H30*(aq) + CH;COO (aq)

2 Theories of Acids and Bases

2.1 History of the acid/base models

The acid-base concept has broadened over time as chemists seek to propose a more
comprehensive model to classify, rationalise and predict acid-base chemistry. The current
understanding of acids and bases is primarily based on the historical contributions of chemists
such as Svante Arrhenius, Johannes Brensted, Thomas Lowry, and Gilbert Newton Lewis.

Arrhenius theory was introduced in 1887 by the Swedish scientist Svante Arrhenius. The
Arrhenius acid-base model studied at O-level can be used to classify and explain many
substances as acids and bases, but this model has its limitations. One limitation is that this
model cannot explain why certain compounds such as ammonia behave like bases even
though they do not contain a hydroxide as part of their structure. This limitation could be
addressed by the intraduction of the Brensted-Lowry acid-base model. Johannes Nicolaus
Bransted and Thomas Martin Lowry independently proposed the Brensted—Lowry theory in
1923. The Bransted-Lowry theory does not go against the Arrhenius theory in any way - it just
adds to it. Through this process, you can understand how one theory has built on another to
provide a more inclusive model of acids and bases. The Brensted-Lowry acid-base model
though more inclusive than the Arthenius model, still could not explain why substances such
as BF; or AICh that do not have any hydrogen atoms but are known fo behave as acids. This
called for an even more encompassing model of Lewis acid-base model which was proposed
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by GN. Lewis from UC Berkelay in 1923. This theory extends well beyond the things one
normally thinks of as acids and bases.

it is hence important to understand that science is an gvidence-based, model-building
enterprise about the natural world. Science knowledge is reliable and durable, yet it is subject
to revision in the ght of new evidence.

2.2 Definition of Acids and Bases

Leaming Outcome:
(1) $hoa onzerstanding of. and apply the Arhenius theory of acids and bases

Recalling prior knowledge (Arrhenius Theory)
In tha O-level syllabus, acids and bases were defined using the Arrhenius Theory.

Arrhenius Theory
Acids substances that give out protons (H') in water
Bases substances that give out hydroxide (OH") in water Q

For example, HC! (aq)— CI"(aq) + H*(aq)
More accurately, HC/ (aq) + H:0 (1) — Cr (ag) + H:0’
independently in aqueous solution.

(aq) because protons cannot exist

However, the Arrhenius Theory is limited in its use when acid-base reactions do not take place
in agueous solutions. Considering Arthenius Theory, canthe role of NH3 and HNO; in equations

1 and 2 respectively be defined?

Equation 1: HCI(g) + NHa(g) —— NH.CI (s)
Equation 2: HNO; (/) + HzS04 (1) — HaNOy* (/) + HSO4™ (/)

Leaming Outcome:
(2) Show undzrstandng of, and apply the Bronsted-Lowry theory of acids and bases, including the concept of conjugate acids

X Ty

and conpucate bases

Bronsted-Lowry Theory of Acids and Bases
Scientists Bransted and Lowry proposed another definition of acids and bases that addresses

the limitation of Arrhenius Theory.

Bronsted-Lowry Theory
Acids substances which will donate protons (H*) to a base
Bases substances that will accept protons (H*) from an acid

Using the Bronsted-Lowry Theory, the roles of NHy in equation 1 and HNOs in equation 2 can
now be defined. They are both acting as bases because they accept H* during the respective

reactions.
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Quesﬁon: Usng the Bronsted-Lowry Theory, explain the role of water in the following
OQUSIONS.

E'c.nbon 3:HC!(aq) + H:0 () — Cr(aq) + H:0"(aq)

Water is the base as it acts as a H® acceptor.

Equation 4: NHy(ag) + H:0 () = NH."(aq) + OH™(aq)
Water is the acid as it acts as a H* donor.

Conjugate acid-base pair

"hen using the Bronsted-Lowry Theory. the conjugate acid-base pair of each reaction can
a'so be identified. The conjugate acid-base pair refers to an acid and a base which have
chermical formulae differing by the presence o absence of one proton.

Using eguation 3,
HCl(aq) + H.O() —= Cr(aa) +* HyO" (aq)
acid conjugate base

[Mustrating equation 4 diagramatically,

This proton, HY, is This proton, H*, may
transferred to an be transferred back

Indicates a .
. to the hvdroxide ion.
reversible .

reaction

2 O-D P

NH((JA]) + H:O{” = NH_{*(JQ) + OH '(4‘.’47)

ammonia molecule.

base conjugate acld

"Test Your Understanding!!

| Identify the acid and the conjugate base in the pairs given below.
(a) HS-and S* (acid, conjugate base)

| (b) CH,CH;0™ and CH,CH,OH (conjugate base, acid)

I
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(Do not memonse order of aod strength)

Mare examplas for conjugate acid-base pairs

! Acid | Conjugate base
" a @ pemhloicacd | HCO: | clo- | perchiorEiscn i
'J S |[ hmchoricasd | HC | cr | chionide ion |
‘ | -.‘g <i sutfuric acd | H:S0. | HSOs | hydrogen sufsie ion
- niric acid | HNOy | NO: | nitrate ion
2 | hydroniumion | H:0" | H:O water 8
{f ([ hycroforicacd | HF | F° | fluoride ion c
|3 i nfrousasid | HNO: | NO7 nirite ion g'
2 acetic acid | HC:H:0: C:H:O0r| acetate ion || 2
= ammonumion | NHs | NHh | ammonia 1| 5|
'8 *3 hydrocyanicacd | HCN | CN | cyanide ion ' 3 ’
j E %<| carbomicaod | HLO; | HCOr | hydrogencarbonate ion | E ,
8| & |[ tocrosuhsicacd | HS | HS- | hydrogensuffideion || § |
= S | hycrogencarbonate ion, HCOs™ | CO:™ | cerbonzteion | |
! water | hO | OH | mdoxideion | !
; ammonia | NH: | NHy amide ion |
I \l hydroxideion | OH | ©O* oxide ion v |
.

|

1

Table 1. A bt of conjugats acd-bass pairs that e ranked according to acd srength .
Acic's that zre stronger than HiO" wil dissoc3te complstely in water whie acids that are weaker than

H-0 will oy ¢ssocate paresly.

Leaming Outcome:
| (3) Show undersianding of. and apply the Lewss Sieory of acds 3 bases (noudng non-agusous ST e g feacton betesen

E-:’. Z‘:j 'l-'é;‘l

Lewis Theory of Acids and Bases

Leviis proposed 3 more generalised approach to classify acids and bases.
Lewis Theory ]
Acds |  substances that accept electron pair from a base |
Bases |  substances lhat donate electonpairtoanacid |

Let us revisit equation 4: NHa(ag) + H:0 () = NH:" (aq) + OH (aq)
NHa(g) reacts with H” (from Hz0) by using its lone pair of elsctrons 10
with the empty 1s orbital on H. It has donated its electrons to H* and is considered the Lewis

form a co-ordinate bond

base.

In another reaction, BF; + NH; — BF3*NH:
NH:(g) reacts with BF(g) by using its lcne pair of electrons to form a co-ordinate bond with the

empty orbital on the boron. BF; is acting as the Lewis acid by accepting the nitrogen's lone pair

of electrons.

Lewis acid-base theory is more general than Bronsted-Lowry Theory because a Lewis base
can donate an elactron pair to a Lewis acid which may not necessarily be H™.

i
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2.3 Basicity of Acids

Basicity of an acid refers to the number of moles of ionisable H atoms per mole of the acid.

Basicity of acid

No. of moles of ionisable
H atoms per mole of acid

|

Examples

Monobasic acids
(monoprotic acids) 1 HC!, HNO;, CH;COOH
Dlew 5 H:SO0x.
Adohicacis) H,PO; (Phosphorous acid)
Tribasic acds —
(triprotic acids) 3 H:PO. (Phosphoric acid)

Bases which are soluble in water to form hydroxide ions (OH")
are NaOH, KOH and Ba(OH);. There are many insoluble base

the solid state, such as CuO and BaCOs.

are known as alkalis. Examples
s which can react with acids in

|

i
']

Leaming Qutcome:

) Explain quastvely the Gerences in behaviour between stong and

dssocahon

wezak acids and bases in terms of the extent of

2 4 Defining Strong and Weak Acids and Bases

Electrical conductivity of acid solutions

Objective of To determine whether HCl(aq) and CH;COOH(aq) with identical

experiment concentrations have identical electrical conductivity.
I 1l
/ M A
Experiment setup
‘ _
| copper electrodes
solution to be tested

{independent variable)

1, Water (control)
Solutions tested | 2. 0.1 mol dm™3 CH:COOH(aq)
3. 0.1 moldm™3 HCl(aq)

Immerse the copper electrodes into each of the solutions and observe
Instructions how the brightness of the light bulb changes.

No light was seen {rom the i
Observations | bulb Is brighter when HC/
CH,CQOH(aq) is used.

ght bulb when water was used. The light
aq) is used and less bright when

CamScanner
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Explanation

Both HC/ and CH:COOH molecules dissociate in water 1o form lons. Thg |

prasence of mobile lons causes the solutions to show electrical
conductivily.

Although both solulions have the same concentration, HC/ is a strong
acid and dissoclates fully while CH;COOH is a weak acid which
dissoclales partially, giving rise 1o different concentration of ions.

HC/ —*= H'+Cr
CH;COOH === CH;C0O0" + H*

Strong acids (e.g. HC/, HNO,) dissociate completely in water

Beliame
to form lons. L
Equation 5: HC/ (aq) —= H*(aq) + Cr (aq) A;;‘

5

5|
Weak aclds (¢.g. CH,COOH) dissociate partially in water 1o o 3
form a mixturo of the acid molecules and ions. The '
undissoclated acid molecules are present in a larger amount HA HA
than tho lons, |
Equation 8: CH;COOH (aq) == CH,COO" (aq) + H* (aq) i | |

o

Tho extent of dissociation indicates the strength of an acid. | ™ - — . S 00
For weak acids, this strength is often described by a K, value o
(8ee scclion 5). ™
Figure 1. (right) The extent of ionisation of . __
(a) a strong acld that undergoes 100 percent ionisation,
(b) a weak acld, and
(c) a very weak acid
The above description can also be applied {o bases

Test Your Understanding!!
Writa equations to show the dissociation
water, making sure to use the correct am
bases. Include state symbols in your ans

(a) H:CO;,

H,CO, (aq) + H;0 (l) = HCOy (3!}) + H;0* (aq)

(b) HCO1™ (behaving as an acid)

HCOy (aq) +H,0 () = COs™ (aq) + H;0* (aq)

(c) HCO;- (behaving as a base)
HCO;~ (aqg) + H;0 n = H:CO,

(d) O+
€O,

iy

(ag) + OH (aq)

(aguﬂg%ﬁiﬁg%quﬁtlw

R T S

(lonisation) of the following acids and bases in |

ows 10 represent the strength of the acids and |
wers. (Hint - refer to Table 1 )

$
i

i

&
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(e) HCIO:
HCIO«(aq) +H0() —— CIO, (aq) + H:0" (aq)

1) HS: (behaving as an acid)
HS (aq) +H.0 () = 8% (aq) + H10* (aq)

hl.earning Outcome:

| (5) Explain the terms pH; Ku: pKa; Ks; pKe; Ka and apply them in calcutations, including the relationship Ku = KK

3 The p-scale
Calculating pH from [H*]

In a;}ueous 530|Uli0n3. the concentration of H* takes on a large range from about 10 to
1075 mol dm™. To handle the values with negative powers in a convenient manner, we convert
them to positive numbers using a numerical system called the p-scale. This is a mathematical
function.

Definition of pH pH=-lg [H']

Hence the concentration of H* can also be found from pH using [H*] = 107"

Other p-scales

A p-scale is used for other quantities too.
(a) Hydroxide ion concentration, [OHT]

Definition of pOH pOH = - Ig [OH"]

(b) Equilibrium constants such as ionic product of water (K.), acid dissociation constants (Ka)

and base dissociation constants (Ky) _ ‘
You will be learning about pKu, pKs and pKs in sections 4 and 5.

Practice Questions: ' L .
1. Find the pH of solutions with the following [H*] in mol dm™.

(a) 1.33 x 1077 (11.9)

(b) 5 x 107 (2.30)

2. Find the [H*] in mol dm~for solutions with the following pH.

(a) 7.6 (2.51 X 107%)

(b) 4.42 (3.80 x 107)

CamScanner
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4 Self-lonisation of Water

Vhen the pH of water changes with temperature, it shows that the concentration of K- i
changing. This is because water dissociates very sfightly into ions, which exist in equiibriym_
This process is known as self-ionisation or autoionisation. The equilibrium is shown beloy,

Challenge yourself: Use Equation 7a below to explain why selfi-ionisation is known as 3
reaction whereby water undergoss an acid-base reaction with other water molecules.

".O"H buiuuoy ‘aseq sy se sareyaq YA SiNos|owW Jajesn Jsyioue Ag paidsaae
st uojosd siy) "_HO uuo} o) uojord e Jno Buwsb ‘poe ue se SaAEY3q J3IEAA LIBMSUY

Equation 7a H20 () + H:0 () = H,0*(aq) + OH (aq)

A simplified version of equation 7a is

Equation 7b H:0 () = H’(aq) + OH (aq)

The equilibrium constant for this reaction is

[HJIOH] )
.= [HzO_] where [HzQ] is a large constant,

Multiplying [H-O] on both sides, K- [Hz0] = [H][OH"]

Kw = [H][OH7]

Taking log on both sides, pKw = pH + pOH

K., ionic product of water, is the equilibrium constant for the self-ionisation of water.

At 25 °C,

Kw=1.00 x 107" mol?2 dm™t
and consequently pKw=14.0
Hence for pure water at 25 °C,

[H]=[OH]
[H*] - [OH' = \‘(1_00 x 10-14)
[H]1=[OH7=1.00 x 107 mol dm™?
pH =7.00 and pOH = 7.00

Consequences of the self-ionisation equilibrium of water

10
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a) [H'] and [OH"] are present in all aqueous solutions

Both acidic and alkaline solutions contain both [H*] and [OH"]. Hence the terms ‘acidic sclution

and ‘alkaline solution' must be defined in the following way.

Defining acidic, neutral and alkaline solutions

Acidic solution [H7]>[OHT]
Neutral solution [H]=[0H]
Alkaline solution [H7] < [OHT]

b) An inverse relationship exists between [H*] and [OH7]

H:0 (/) = H*(aq) + OH(aq)

K. = [H*] [OH] = 1.0 x 107" mol dm™ (at 25 °C)

At a constant temperature, the equilibrium for the self-ionisation of water shows an inverse
relationship between [H*] and [OH"]. This is because K. is a constant when temperature is

constant.

When an acid dissolves in water, [H*] increases and causes the above equilibrium to shift to the
left. This results in decrease of [OH"). Similarly, when an alkali dissolves in water, [OH] increases

and the equilibrium shifts to the left. [H*] will decrease.

The figure below relates the pH scale to the hydrogen ion concentration and to the changing

acidity and alkalinity at 25 °C.

[H] / mol dm®

pH O 1 2 3 4 5 6 7 8 9 10 1 12 13
|
|

1 1 | ] l l | | | 1 l il L
| | | | | 1 1 1 1 1 1 1 1

pOH 14 13 12 11 10 9 8 7 6 5
[OH] / mol dm®

4 3 2 1

increasing acidity increasing akanity

F
neutral

c) Like all equilibrium constants, K. Is temperature dependent.

1

-1

0

10° 10" 102 10° 10* 10° 10° 107 10° 10° 10 10" 10”10 10"
14

10" 10" 10" 10™ 10" 10° 10 107 10° 10° 10* 107 107 10" 1¢°


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Equation 7b H:0() = H'(aq)+ OH"(2q) AH>0
expected that increasing the temperature of water fayours

Recalling Le Chatelier's Principle, it is :
o fove iibrium shifts to the nght an

the forward reaction to absorb excess heat. The position of equ
more H* and OH~ ions are form. Hence pH and pOH both decrease and causes pK. to decrease.

When temperature decreases, the backward reaction is favoured to give out heat The pesition
of equilibrium shifts to the left and less H* and OH™ ions are form. Hence pH and pOH both

increase and causes pK. to increase.

(Do not memorise this table)

Temperature / °C | K. / mol dm= | [H"] for pure water pH of pure water
(where pH = —log [H*])

10 0.29x 10-° 539x 10~ 727 r‘
20 0.68 x 10" 825x 107 7.08 [
25 1.00 x 10" 1.00 x 10~ 7.00 ,' (
30 1.47 x 10-" 1.21x 10~ 6.92 |
40 292x 10" 1.71x 1077 6.77 {
50 5.48x 107" 234 x 107 6.63 f
100 51.3x 10" 7.16x 107 6.15 |

Table 2. Vanaticn of Ka, ionic preduct of water, with temperature. Note that pH of pure

water (neutral) does not remain at 7 when temperature is higher or lower than 25 °C.

Practice Questions:
1. Calculate the value of pOH for solutions having these pH values. (assuming 25 °C)
(a) 13.5(0.500) (b) 4.6 (9.40)
) ]
2. Calculate the value of [OH"] for solutions having these pH values. (assumi 5° 9
N > 1 2 C Se
(a) 1.8(6.31 x 10°7") (b) 7.6 (3.98 x 10-?)( e ,
i
.E
i
12
|
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&

Learning Outcome:

5) Calculat M , : .
) Cbis”:f e [H*(aq)] and pH values for strong acids, weak monobasic (monoprotic) acids, strong bases, and weak monoacidic

|
|

5 Measuring Variation in Acid Strength and Base Strength

Although pH of solutions provides some measure of the strength of the acid or base solution,
thhe b of pH is very limited since its value changes with concentration changes. This section
will introduce acid dissociation constant (Ka) and base dissociation constant (Ky) which are more
effective measures for the strength of Bronsted-Lowry acids and bases.

5.1 Acid dissociation constant (K.) and the strength of acids

There are relatively few acids that are strong acids and a wide variety of acids are weak acids.
When a weak acid (represented by HA) dissolves in water, an equilibrium is set up between
undissociated HA molecules, and the ions HsO* and A”. This can be represented by this general

equation:

Equation 8a HA(aq) == H'(aq) + A” (aq)

ve H* ions associate with H,O molecules

Since the dissociation of HA occurs in water, the reacti
the dissociation of HA by adding H20 to

to form hydronium ions, HsO". This can be shown in
both sides of Equation 83, thus giving:

Equation 8b HA (aq) + H20()) = H;0* (aq) + A (aq)

By writing the Kc expression for Equation 8b,

[H:0* (aq)] [A (aq)]

Ke = ~[HA (aa)] [H:0 (1]
_ [H:0" (aq)] [A (aq)]
Ke[H201= “"[HA (aq)]
+ A
K, = [H,0 [I(f:)(gn (aq)] (units: mol dm=)

ht is a constant known as acid dissociation constant, Ka. The acid

e expression on the rig )
I i is a measure of the strength of an acid.

dissociation constant, Ka,
5 The stronger the acid, the greater will be the extent of dissociation, hence the larger the
V

y ;?1': i/zfallf;'the acid, the lesser will be the extent of dissociation, hence the smaller the value
g '
of Ka.
l Table 3: Ka values for selected acids (Do not memorise) ]
13

CamScanner
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o

Acid K./ mol dm™ pK.
HC_‘{aq) 1x 10. ) -7 e
HF(aq) 5-(3 x 10~ gi: siarfl
EnoReg B 10—5 ' decreases
C:H:COQH(aq) 6.3x10° 420
CH:COOQOH(aq) 1.8x10~ 474 X/——
NH:(2q) 57x10°™ Q24
HCN(ag) 49x10™ 9.31

» The larger the K, value, the stronger the acid
» The larger the pK, value, the weaker the acid

! Practice Questions:

1(a) A solution of benzoic acid, CsH:COOH(aq), with the concentration of 0.35 mol dm™
‘ was found to be at pH 2.35 at 25 °C. Calculate the acid dissociation constant of ~

C:HsCOOH(aq).

“

[H:O’] =1072%

=0.00447 mol dm™?

:‘

CsHsCOOH (ag) + Hz0 (/) = H:O* (aq) + CeH:COO (aq) |
Initial conc / mol dm™3 0.35 0 0
Change -0.00447 +0.00447 +0.00447
Egm conc/ moldm™ | 0.35-0.00447 0.00447 0.00447 ?

Assumptions:
(i) [H:0* (aq)] =

K = - [HO7[CsHsCOOT]

[CeHsCOOH]
(0.00447) (0.00447)

(0.35)

= 5.71x10°5 mol dm™3

14

[CsHsCOO~ (aq)] Ignore self-ionisation of water
(ii)As the acid is a weak acid, the degree of dissociation is small. Therefore the

equilibrium concentration of the acid is nearly equal to its initial concentration.
i.e. (0.35-0.00447) = 0.35
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(b) Using the value of acid dissociation constant calculated in (a), find the pH of |
0.50 mol dm3 CBHSCOOH(aq) at 25 °C. i

|
| CsHsCOOH(aq) + H,0() == Hs0'(aq) + CeHsCOO(aq) | |
Initial conc / mol dm3 0.50 0 g
Change -X X B
Eqm conc / mol dm?3 0.50-x +X B
Assumptions:

l (l) [H30* (aqg)] =[CeHsCOO" (aq)] Ignore self-ionisation of water
(i))As the acid is a weak acid, the degree of dissociation is small. Therefore the

equilibrium concentration of the acid is nearly equal to its initial concentration.
i.e. (0.50 —x) ~ 0.50

K, = [H30'] [CsHsCOOT]
[CeHsCOzOH]
571x10°%=

(0.50)
x=5.34 x 102 mol dm™2

pH =-Ig (5.34 x 107%)
=2.27

Challenge yourself: Why is it valid to assume that the weak acid dissociates to a negligible
extent / the equilibrium concentration of the weak acid is the initial concentration?
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5.2 Base dissociation constant (Ks) and the strength of bases
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_ e . quaots solutlon
Sy for a weak basw, 1, that 1s parlially lonlgad In aguoous B ! !

Bag) + 10 == BN (ag) + O’ (nq)

K # ‘lw:l"('!E:_;']n(}E%‘]"“:‘(’mn‘ (units: mol dm™?)

ey Dinwa dinsociation constant, K, s o maasure of e stranglh of a bage.

G q ] "y 2
¥ Tha strongar the basa, he greatar the extent of dissociation of 13 lo form BH', hence tho
langer e vilue of K,

v Tha waaker ha bina, the lesrer will be (he oxtent of dissoclation, henee the gmaller the
valua of K,

Tabla 4 I valuos for nelectad hanen (Do 1 0l _l‘ljlvf;ﬂ-l‘('_llllfil;?) ) L

B Y T T A
CHAGHNH (e hax10t T e bass
COV () 20 x 104 J.00 alrangth
NIi(ay) LU X 100 .74 docrennes
FIS () 1.0 x 107! 0.74
CHLGOO (aq) bfxom .24 oy g
(NI () A2 x 100 0.0

w The latgar tha Ky valog, the atronger (he bane
= The leger he pKy, valug, (he weaker thae bana

e dinsoclation constants, K, and K, are aquilibium constants,

They are unaffocted by
conaentration ahanges but are Influsnged by temparaturo eha

nyen,
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~Question: T g i e S
_' 1(a) Determina Ky of NH;(aq) given that a 0,80 mol dm™? solution has pH of 11.6 at 25 °C. |
'POH=14-116=24 1

H{OH] =107
= 0.00398 mal dm™

g

NHi(aq) + H:O() == NHi'(ag) + OH (aq) !

Initial conc / mol dm™® 0.80 0 0 ‘

Change 20.00398 +0.00398 | +0.00398

Egqm conc / mol dm™* 0.80 - 0.00398 0.00398 i

L 0.00398
Assumptions:

. H
() [NHs*(aq)] =[OH"(aq)] Ignore self-ionisation of water f
(i) Asthe NH;is a weak base, the degree of dissociation is small. Therefore the |

|

equilibium concentration of the base is nearly equal to its initial concentration.
i.e. (0.80 - 0.00398) ~ 0.80

_ _[NHs[OH)
Ko = [NHa]
_ (0.00398) (0.00398)
- (0.80)

=1.98 x 10~° mol dm™3

(b) Using your answer from (a), calculate the pH of 0.40 mol dm™ NHj (aq) at the same

temperature.
NH:(@aq) + H:0() = NH«(aq) + OH (aq)
' Initial conc / mol dm-3 0.40 0 0 \
Change —X +X +X x
. Egqm conc / mol dm™? 0.40 - x X X %
: Assumptions:

i (i) [NH4'(aq)] = [OH(aq)] Ignore self-ionisation of water

: (i) As the NH; is a weak base, the degree of dissociation is small. Therefore the ‘
equilibrium concentration of the base is nearly equal to its initial concentration.
i.e. (0.40 - x) =~ 0.40

[NH«*] [OH]
[NHs]

2
! . 8 10-5 = __5_.
| Ly 0.40)

x = 0.00282 mol dm™

Kn:"

pOH = - Ig 0.00282 = 2.55

pH=14-255=11.5

| e
5.3 The relationship between K, of acids and K, of their conjugate base

17
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Consider the dissociation of the conjugate acid-base pair (NH; and NH.") in water.

e.g Equation9a NHs(ag) + H2O (/) == NH.'(aq) + OH (aq)
K, = [NH. (29)] [OH (aq)]
[NH: (aq)]
Equation 9b NHe (ag) + HO(/) == NHi(aq) + H:0'(aq)
[NH: (29)] [H:0" (aq)]
K= [NH<(2q)]
Taking the product of K, and K.,
- [NHs (2q)]) [H:0’ (2g)] [NH:” (29)] [OH (ag)]
g v (NH<'(2q)] g [NH: (29)]

= [H;0" (aq)] [OH " (29)] = K«

Hence for a conjugate acid-base pair, Ka=Ks* Ko

The relationship of K. = K, x K. for a conjugate acid-base pair shows that:

» The stronger an acid (the larger the K.), the weaker its conjugate base (the smaller the
K:), and vice versa. (Refer to Section 2.2 under conjugate acid-base pair)

6 Degree of dissoclation,
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Consider the following reaction where a is the degree of ionisation of a weak electrolyte.

HA(aq) = H'(aq) + A (aq)

Initial conc c 0 0
Change -ca +Ca oo
Eqm conc c(1-a) ca &
‘ o H* (aq)J[A (aq)]
According to th = [
g to the equilibrium law, Ka= [HA(aq)]
_ _(ca)(ca)
c(1-a)
_ ca?
T T 1-a

For a weak electrolyte at low concentrations, o is very small. i.e. (1-a) ~ 1.
Hence, K=ca? or a = V(KI)

v (Kalc)

t‘ For a weak acid, Ka=ca? or o
vV (Ko /o)

For a weak base, K= ca? or o

Note that the degree of dissociation increases as the concentration decreases with dilution.

7 Salt Hydrolysis

7.1 Definition of a salt

A salt may be defined as a compound formed by the reaction of an acid and a base. It contains
a cation which originates from the base and an anion which originates from the acid.

Many salts dissolve in water to give neutral solutions. However, some salts react with water to
form acidic or alkaline solutions due to salt hydrolysis. Thisis a reversible reaction between

salt ions and water.

7.2 Neutral salts
’ Neutral salts (eg. NaC/ (aq)) are formed from the reaction between a strong acid and strong,

base.

dissolve in water to form neutral solutions. When added to water,

Neutral salts (eg. NaCl (s))
he concentration of Na* ions equals the concentration of Ci~ions.

the salt fully dissociates and t

NaCi(s) + aq — Na*(aq) + CI (aq)

herefore the solution is neutral. Na* does not undergo

Neither ion undergoes hydrolysis and t :
ge density. CI" is a weak conjugate base of HC/ and

hydrolysis due to its relatively low char
does not undergo hydrolysis.

7.3 Acidic salts
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e

) formed from the reaction between a strong ajg
are

d goes h d Wl
! ! y rOE " Sk
” ; ( lt ( ; 1( 4)1( )) i olvel waterand the cations under ‘ I frm
idi eqg.
CAcidl
acidic solutions. d

, + -
=o rItli?:i(r:ation: NH4CI(s) + ag— NH4* (aq) + CI™(aq)

Hydrolysis: NH (aq) + H:O () == NHa(aq) + H:0" (aq)

henomenon is known as cation hydrolysis. The pH of the solution is lower than PH Y.
This pheno

—_—
Do you kno‘::C!a(aq) AICIy(aq), CrCix(aq)) that contains a metallic cation gf high chargs
gei:é,e('gr-na“ size an'd high charge) can undergo hydrolysis in aqueous solution ang give an
acidic solution.

In aqueous solution, the AP** ion exists as an aqua complex ion, [N(Hzp)s]"'- The AP ion has
a high charge density and is hence strongly polarising. It is able to distort the electron ¢loyg
of the H,0 molecules bonded to it, weakening the O-H bonds and enabling these H.0

molecules bonded to it to become proton donors. The free water molecules in the solution act
as bases and the following equilibrium is established:

(A(H0)F* (aq) + H:0 (1) == [AIOH)(H0)s** (aq) + H:0* (aq).

The AP* ion is said to undergo appreciable hydrolysis in aqueous solution. The production of

H3O" ions in the solution causes the solution to be acidic. (This will be covered in more detail
in J2 topics Chemical Periodicity & Transition metals)

7.
S5 Salts formed from neutrallsallon of wo

7.4 Basic salts

Basic salts (eg. CH3COONa‘(aq)) are formed from the reaction between a strong base and a
weak acid. Basic salls (eq.

‘ CHi;COONa‘(s)) dissolve in water and the anions undergoes
hydrolsis to form alkaline solutions.

E.g. CH;COONa*
Hydration:

Hydrote . CH;COONa:* (s) + aq —» CH1COO" (aq) + Na* (aq)
yérolysls:  CH,COO"(aq) + H,0 () == CHiCOOH(aq) + OH"(aq)
Eg Na;CO;;
Hydration: Na,CO . ,
Hydrolysis: 2(8) + aq —u ypq (aq) + CO4* (aq)

COy- (2q) + H,0 Hh =

HCO;" (aq) + OH- (aq)
anfon bydrolysis, The PH of these solutions are higher tha?

This phenomenon Is k
now
PH7. nas

ak aclq and woak baseo
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Ammeonium ethanoate is an example of this type of salt. When dissolved in water, salid
ammonum ethanoate undergoes complete dissociation.

CH:COONH* (s) + aq — CH;COO- (aq) + NHs* (aq)

The NH. ion undergoes hydrolysis to generate H:O* ions:

NH.*(aq) + H:0 () == NHi(aq) + HsO*(aq) K
Tha CH;COO- ion undergoes hydrolysis to generate OH- ions:
CH:COO~(aq) + H:O (/) == CH;COOH (aq) + OH=(aq) Kb
Whether the solution is acidic or alkaline depends on the relative values of the dissociation
constants of NH:* and CH:COO-.

If K,> K., then the salt is acidic.
If K.> K, then the salt is basic.

For ammonium ethanoate, since K. = Kb, [H:0°(aq)] = [OH (aqg)).

Hence, ammonium
sthanoate solution is approximately neutral.

Summary table of different types of salts
Reaction of acid and base Salt formed Nature and pH of solution (25 °C)
strong acid + strong base
HCI(ag) + NaOH (aq) — NaC! (aq) "r';“:?,'
NzCi(zgq) + H0 ()
strong acid + weak base Acidic
NH4C/
HCI(aq) + MNHs(aq) —= NH<CI(aq) «Cl(aq) pH <7
weak acid + strong base . Alkaline
CH-COOQOH (aq) + NaOH (aq) — CH-COO'Na*(aq) oH > 7
CH-COONa’ (aq) + H:O () -
very slightly acidic
weak acid + weak base Note:
CH-COQH (aq) + NHs(aq) — CH:COO'NH4* (aq) | Acidic if Ky of cation > K, of anion
CH:COONH.* (aq) + H:0 (/) Neutral if K, of cation = K, of anion
Alkaline if K, of cation < K, of anion
21
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“Practice Questions: ’
F;n Caleulate the pH of 0.30 mol dm™ NH.Ci(aq), given that the K

1.67 x 107 mol dm™,

—

B = Nri(aa) + HO"(@0)

ol NHyaq) is

i NH:' (aq) + HO() =
| 0
[ Inibal conc / mol dm™ 0.30 0 o
| Change =X +X
Egqm conc / mol dm™ 0.30-x X b
Assumptions:

(i) (NHs (aq)] = [H:0" (aq)] Ignore self-ionisation of water
(ii)As NH,* is a weak acid, the degree of disssociation is small.
- [NHs* (a@)]lee = [NH:" (a@)Jeam
Ki=1x10"+1.67 x 107

= 5988 x 107" mol dm™
[NH,] (H30"]
K = [NH:']

X2
5.988x107°= — 30

[H:0°] = 1.34 x 107° mol dm*
pH = —Ig (1.34 x10°5) = 4.87

2. Calculate the pH of 0.60 mol dm™ CH;COO™Na‘*(aq), given that the K; of CHsCOOH(aq) is |

1.75 x 107 mol dm™.

CH;COO(aq) + H.0 () == CHsCOOH(aq) + OH (aq)
Initial conc / mol dm 0.60 0 0
Change -X +X X
Eqgm conc / mol dm™ 0.60 - x X X
Assumptions:

(a) [CHaCOOH (a_q)] = [OH" (aq)] Ignore self-ionisation of water
(ii)As CH3COO™is a weak base, the degree of disssociation is small.

.- [CHaCOO" (ag)lm = [CH3COO" (aq)eqm

Ko=1x10""+1.75x 105
=571 x 107" mol dm™3

Ko = __[CH3COOH] [OH]
[CH,COO]
X
=10 — —_—
571x1070 = 060

[OH] = 1.851 x 1075 mol dm™?
POH =- Ig(1.851 x 10°%) = 4.73
PH =14-4.73=9,27

—

————
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“

8 Buffer solutions

* A buffer solution i i ini
I, conjuql;tne is gjsoluhon cqntammg a weak acid and its conjugate base or a weak baso
and s conju 1@ acid which resists and does not show significant changes in pH when small
strong acid or strong alkali are added to it.

. An acidic buffer solution consists:

(Y aweak acid

(i) the‘sa!( of the same weak acid (conjugate base)
. An alkaline buffer solution consists:

(i) aweak base

(i) the salt of the same weak base (conjugate acid)

Learning Ouiéomé; . )
L (Q)wfxp'ain kow buffer solutons control pH

8.1 Acidic buffer: CHyCOOH and CH,COO'Na*
In an aqueous solution of CH:COOH (weak acid) and CH,COONa* (conjugate base of
CH;COOH), CH:COONa* exists as the separate ions, CH,COO" and Na*. We can represent

the equation when CH;COONa* dissolves in water:
CH;COO'Na* (s) + ag —= CH;COO0" (aq) + Na* (aq) — (1)
CH;CQOH, being a weak acid, exists in equilibrium with its ions according to the equation:
CH:COOH (aq) = H*(aq) + CH;COO"(aq) — (2)

Notice that in both equations, CH;COO" is formed. The contribution of CH;COO" by (1) is far
greater than (2). This suppresses the dissociation of CH;COOH and therefore the position of
equilibrium of (2) lies far to the left. Hence, the mixture contains a high concentration of both

undissociated ethanoic acid molecules and ethanoate ions.

Let us examine how the conjugate acid — base pair is responsible for the ability of buffer to
minimise pH changes when small amounts of strong acid or alkali are added.

On addition of a little acid to the buffer,
CH;COO0™ (aq) + H* (ag) — CH3;COOH (aq)
the hydrogen ions from the acid react with the ethanoate ions to form ethanoic acid molecules.
Thus the increase in the hydrogen ion concentration is not as great and pH does not
significantly change.
On the addition of a little alkali to the buffer,
CH;COOH (aq) + OH™ (aq) —* CHs;CQOO™ (aq) + H20 (/)

the added hydroxide ions react with the ethanoic acid molecules. The decrease in hydrogen
ion concentration is not as great and the pH does not significantly change.

minimal changes to the relative concentrations of both the weak acid and its

There are
conjugate base in both cases.
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buffer fs maintained olfartivaly 0o

which triaps any added H (i)

Thus the stabla pH of an acldio
hich suppliea [*(ap) to remove Ay addad O (i)

a high concentration of A

U]
(1) ahlgh concentration of HA w
8.2 Alkaline buffer; NHy and NH.C/
(Gl (conjugnt aold of NEL) works Iy
() and NFHCAma), oach

An alkaline buffer containing NH (weak base) and NI ¥
similar way as an acldic bulfer. In an aquoous mixiure of N
compound behaves according 1o the equations holow:

NHLCI {aq) —» NIy (ag) + CF (aq) == (3)

NHsy(aq) + H:0 () == NI' (aq) + OF" () == (4)

chloritde of (3) supprossen tho Jonleallon
(alns a high concontration of both ammonla

of tho

The NHi* lon from the fully lonised ammonium
ammonla solution of (4) so that the mixture con
molecules and ammonlium lons.

On addition of a little acid to the buffor,

NH, (aq) + H' (aq) — NHa' (nq)

the hydrogen ions from the acid react wilh ammonla to form ammonium fon. Thus the Incronso
In tho hydrogen ion concentration is not as great as whan the ncid Is ndded to pure walor alona

and pH does not significantly change.

On the addition of a little alkali to the buffer,
NH4* (aq) + OH" (aq) — NHs (aq) + H,O ()

the added hydroxide ions react with the ammonium fons. The decrease In hydrogen lon
concentration is not as great when the alkali is added to pure water alone and the pH does not

significantly change.
There are minimal changes fo the relative concentrations of both the weak base and its

conjugate acid in both cases.

Thus the stable pH of an alkaline buffer Is due lo:
(i) a high concentration of NHs(aq) which traps added H*(aq)
(if) ahigh concentration of NH,*(aq) which supplies H*(aq) to remove added OH"(aq)

Le'airrrrring_ Outcome: 7
‘ (M) Cq{gu}ate the pfj »of l_)uffer solutions, given appropriate data

8.3 Calculating pH of a buffer

In buffer composed of a weak acid (HA) and its salt (MA),
HA(ag) == H'(ag) + A"(a
MA(s) + ag — M’ (ag) + A" (aé‘)’

We can construct the K, expression as follows:

[H" (aq)) [A~(aq)]
[HA (aq)]

Ka =
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e

The value

Sllghll; dis(:m[:??]dls taken as the initial concentration of the acid since the acid is only

concaniration afeth in the prosence of its sall. The value of [A7] is effectively the
of the salt taken since the salt Is fully dissociated into ions. Thus for a buffer,

[H* (aq)] Ko lthloq)
[A*(aq)]
H* (aq)] = Ka x [acid]
| [salt]
By taking log on both sides,
pH of acidic buffers is pH = pK, + log fsalt]_
[acid]

The following equation can be deduced for pOH of alkaline buffers

[salt]

pOH = pK, + log [base]

[salt (or [base]) will remain

The pH of a buffer is slightly affected by dilution since the ratio facid]
i

constant on dilution. Hence buffers work best when there is a high concentration of both
species.

8.4 Maximum buffering capacity
A buffer solution at maximum buffering capacity shows the smallest change in pH when a
small amount of strong acid or strong base is added to it.

The maximum buffering capacity of each solution occurs when the concentration of the acid
is the same as the concentration of its conjugate base. i.e. [salt] = [acid] or [salt] = [base]

For an acidic buffer at maximum buffering capacity, since [salt] = [acid]

h pH = pKa
For an alkaline buffer at maximum buffering capacity, since [salt] = [base]
pOH = pKop
["Practice Questions:
[1 (a) Calculate the pH of a solution containing 0.10 mol dm™ of propanoic acid and |
] 0.20 mol dm-2 of sodium propanoate. K, for propanoic acid is 1.34 x 107% mol dm™. \
| i
LT CrCH,COOH(@q) * HZ0() == CH:CH,C00 (aq) +H:0"(aq) ‘\
|
,l Initial conc / mol dm™ 0.10 0.20 0 \1
é' Change -X X ™ ,_l
f Eqm conc / mol dm™ 0.10-x 0.20 + x X P
j \
| |
; Assumptions: }\
|
f (i) [CHsCHCOO" (aq)] = [CH;CH.COONa” (aq)] since dissociation of 1
; CH5CH2COOH is very small. l‘
.’ . |
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egree of dissociation 13 small.

H is a weak acid, the d I, <
d is nearly equal to its initial |

(il) Asthe CH:CH.C00 '
on of the acl

Therefore the equilibrium concentrali
concentration, i.e. (0.10 = %) = 0.10

_ [HO" (aq)] [CH,CH;COO" (29)] [H:0" (ag)] [sodluT prppanoate]
= [propanoic acid]

K = [CH;CH,COOH(aq)]

o [H:O* (aq)] (0.2)
134107 = ==

[H:0°] = 6.70x10™® mol dm™’

pH = ~Ig (6.70x10°°) = 5.17

Or

_ [sodium propanoate]
pH=pks +1g [propanoic acid]

=~ 1g (134 x 107%) +Ig (—=—)
=517 0.

=

)

Calculate the change in the pH when 1 cm® of 1.0 mol dm™ NaOH is added to 1 dm® of

(b}
the buffer in (a) above.

Total volume = 1.001 dm® = 1.000 dm?®
Amt of NaOH added = 0.001 mol

NaOH + CH;CH:COOH —* CH4CH,COONa* + H:0

Amount of salt formed = 0.001 mol

CH3CH2000H(8Q

(nitial conc / mol dm 0.100
~-0.001 +0.001
0.201

Change
0.099

) + H0(l) == H:0"(aq) * CH3CHzCO0(aq)
0.200

Equilibrium / mol dm?
X = [H:0* (aq)] [CH:CH.COO™(ag)]  _ [Hs0" (aq)] [sodium propanoate]
@ [CH;CH.COOH (aq)] - [propanoic acid]
’ H,0* )(0.201)
1.34x107% = [Hs
* (0.099)

[H:0*] = 6.60x107 mol dm™
pH = -Ig (6.60x10°°) = 5.18

Change in pH =5.18 - 5.17
=0.0100

—
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—————

(al]

= i, 4 1y "”[’r!m““’n‘p‘"l['m‘r"ih"‘ml“
[propanoic o)
= (194 %107 4 g (0201

- g"—"u‘ 0009

Chango Inph = 518 - 1 17
= 00100

Calculato the pH of o buffor solution m

and 750 em’' of 0.10 mol dm™?

et s

ade by mixing 750 cm’ of a 0 20 mol dm™ of NH.CT |

ye p of ammonia solution. Assume that K, for the NH, s
1.7 x 10" mol dm?.

Total volume = 750 + 750 = 1500 cm?
Conc of NH4* = (0.20 » 0.75)/1.5 = 0.10 mol dm™*

Conc of NHy = (0.10 x 0.75)/1.5 = 0.05 mol dm-?

NH";‘(DQ) + H;O (1)

——

-

N_Ha‘ (aq)

Inftial conc / mol dm™

. 005
 Chango

0.10

o =X

+x

gm conc / mol dm™ 005 -x

0.10 + x

Assumptions:

(i) [NH4* (aq)] = [NH4C/ (aq)] since dissociation of NH. is very small.

(ii) As the NHj is a weak base, the degree of dissociation is small. Therefore the
equilibrium concentration of the base is nearly equal to its initial concentration. 1.8,

(0.05 — x) = 0.05

__[NH4'(aq)] [OH (ag)]
Ko = (N> (aq)]

(0.10) [OH7]
0.056

[OH] = 8.35 x107 mol dm™

1.67 x 107 =

pOH = -Ig (8.35 x107) = 5.08
=8.92

Or

[ammonium chloride]

[ammonia]

0.10
=~1g (167 x107%) +1g (=)

0.05
=5.08

pOH = pKs *Ig

=8.92

[ < ] e

5 Importance of buffers
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o 1ole of H;‘CD)HCO" a0 Cf_:’v"f\:f“.ﬁg pHin bingg

me: e it
lt‘afﬂing Outco n tha UEEE of buffers ST
alan $he USF

o Patretit gnd O
(10) Deser®

, controlof P

H of 74
Blood 19 tufered 8t 2 P honate buffer system:

o ic acid-bicar
sysie
H;CO""Q) + H.O (/}

hen [H] iNCreases ‘
Wwhen[H 'lh'gca" 4ditional H* to form HCO and the pH remzins almost constap,
H* (ag) + HCO:(2g) — H:CO: (aq)

present removes the additional OH- ¢ form

removes

When [OH] increases, the H,CO:

the pH remains almosi constant.
OH-(aq) + H:COx (aa) —= HCOx(aq) + H:0 ()

much from the optimum value. Several synthetic and processed foods mys, be

a buffered form so that they may be eaten and digested in our bodies without undug ey
(v

In pH.

« Control of the pH of a solution is also important in medicine and agricul
because many melabolic processes have to occur at strictly controfleq H
Injections must be buffered so as to maintain the pH of blood in the range 0‘; 7,

« The fermentation processes are also buffered as relatively small changes in pH
lhe fermenting organisms. Enzymes (biological proteins) function pd

cO-HCO;™ buffer o
by a number of mechanisms. The mggey ,
y t lmm‘w

is the carbon
— H?O‘ (aq) + HCOJ- (aq) (Or H2C03 (aQ) = H‘ (aq) + HCO
z " s

(from lactic acid produced during VIQorous exercis e), the 4 o

SR i L

. Buffors are Important In many industrial processes where the pH musj nq devi
Viala ve

L'.A .
'
<

o
v}

3 ";)E '3.&_..,

HCOV Ay

prepal’ed [n
ANgey

0-79

may dQSYTUy
ue to thej

structures which depend on pH. Abrupt pH changes can rupture cells and d
Enatyrg

enzymes. Buffering action is provided by the following systems:

() H:COYHCO;" buffer (i.e. H,COs (a —
N ; . 9. 12 q) + HO() = H-0*
W HPOHPO buffer (ie. HPOr (aq) + H,0 (1) == HJO‘((:‘S)) . :sg{(aq,)

« (aq))

(i) Proteins

creams where the pH js bel
: ow 5.5, AHAs functi
Sure skin-care prodyct s function as pH adjusters, 1 '
AHAs are used 1o e,ds ?re not too acidic or basic ang are therefo;ehe?: o added’tq oy
Oliate and cleanse the skin, help reduce thmI o o ket
' € appearance of skin

Wﬁﬂk“ﬂg even ski
L n tones ang
removing dead sy soften the skin, The
06 cells, thereby improving the apyi’):::rtagn th? vy
Ce of the skin,

of the skin by
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(8) Explan the choice of suitable indicators for acid-base titrations, given appropnate data.

9 Acid-Base Indicators

Acid-base indicators are substances which change colour according to the hydrogen ion

concentration of the solution in which they are placed.
* They are usually either weak bases or weak acids that have distinctly different colours in their

dissociated and undissociated forms.
* The undissociated molecule is one colour and the anion (or cation) is a different colour.

E.g. An indicator, represented as Hin, dissociates according to the following equation:

Indicator (Hin) Hin (aq) == H*'(aq) + In"(aq)
Phenolphthalein colourless pink
Methy! orange red yellow
Bromothymol blue yellow biue
P ===
Colour at Colour at
low pH high pH

Consider methyl orange being used in an acid-base titration,
* Addition of acid (i.e. H* (aq)) shifts the position of equilibrium to the lefl.

[HIn (ag)] > [In"(aq)] the solution becomes red.
Addition of alkali (i.e. OH" (aq)) shifts the position of equilibrium to the right.

L
[HIn (ag)] < [In"(aqg)] and the solution becomes yellow.

Choosing an indicator for a titration

The equivalence point is the point at which an acid is completely reacted with or been
neutralised by the base. The indicator’s role in a titration is to signal the equivalence point
through a sharp change in colour, brought about by the sharp change in pH.

The end point of a titration occurs when the indicator changes colour. A suitable indicator
should have an end point that is close to the equivalence point of the titration.

« Consider the equilibrium for dissociation of HIn and its equilibrium constant, Kins:
Hin (ag) == H'(aq) + In"(aq)

Since King = [H" (aq)] (In"(aq)] where Kig is the K; of Hin
[HIn(aq)]

Under high [H*(aq)]. [HIn(aq)] is high. As base is added, [H'(aq)] decreases and position of
equilibrium shifts right, increasing [In"(aq)]. At a certain pH, the concentration of the dissociated
and undissociated forms are nearly similar. At this point the colour of the indicator will be midway

between the acid colour for Hin and the alkaline colour for In™.

i.e. [Hin (ag)] = [In"(aq)]
pH = pKlnd
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! | N

K ives a good indication of the pH range where the indicator can be used g 4 e
. :Ilur:cr;luf’vn"; nce point in a titration. In ofher words, an indicator is chosen when its yq
0 e

n
H range colncides with the equivalence polint of a litration. (See tabig below) ‘
P

Colour change

Working pH range L

. | Colourin lour aroun
Indicator PKina of colour change oacid Co K:_'ZO nd l Colourln alkyy
_Mothylorango | 37 3.2-4.2 Red Orange Yellgy,
_ Mothyl rod 51 | 42-63 Red Orange Yellgw ™
— - - e —— e e —— [ ——— _\“\\\'
Bronll)?lt‘t;ymol 7.0 6.0-7.6 Yellow Green Blue
—_Phenolred |79 | gg_gg — Yellow | gran—  Red
Phenolphthalein | 0.3 8.2-10.0 Colouress Pale pink — ] Red 1
ano’phthalein_ —22 0.0 | P _
— - —_—
boaie atey m}% ~ = - ~ = - ‘”\x‘.
metht vranga -t ® ihenae o r\
Hit s —— el ——— et ‘—‘_‘L"‘_\_
v ! - hange —
PGl batety inuriess m * henge 4 —
ocpp eenp o aneg. yellow oy ) , 11 -"'“_"
MWiivergal T | i g ) [ 7 ” o 1 ) h_!.’» _;_‘__L‘_j
Hhie at,ae L‘M oh —J

140 -
Suitable indicator:
120~
= Phenolphthalein
10.0 - uqulvalcncept }\‘ working pH range “
(phenolphthalein)
80—
z pH = pK, "
60—
] i /
1 et &3] workingpH rangs (methyl red)
40 —/

—

I volume atwhich calour change occurs (methy red)

Lmlume atwhich colour chanze occurs (phenolprma!ein) I

| l ! / ! i ! 1

100 150 200 250 00 S0 400
Volume of ) 100 M NSO, ml,

!
50 sq
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Laaming Qutcome!

() Dosonde B changes i pH duri 3
\ FhANGRS [ pH during aced-base Wrations and explain theso changes in terms of the strengths of the acids and

Qa3

10 Titration Curves

A lxtrqtian curve is a plot of pH versus the volume of titrant added in a litration. It indicates
graphically the changes in pH as acid or base is added o a solution.

A titration curve consists of information on the volume of titrant added and corresponding pH at
*  Maximum buffering capacity

« Equivalence point

10.1 Titration of strong acid with strong base

Solution 25.0 cm* of 0.100 mol dm™ HC/(aq) Titrant 0,100 mol dm™ NaOH(aq)
Titration Curve
= pH
13
11
9 7 : :
Equivalence point
7 -
5 —
3 Vol for complete
reaction
11 Vol of NaOH(aq) added /
) T j T T em?
25.0 50.0
\——\/—_J - o
N \L Y
™ — E
Q (] =
§ S4EE |E |8
— o
n | ©272 a a %
() Q T
glebgs |5 |2
2 |2o0£ o o | ¥
S |S%cwse |S |8
2|20l - | &
Z |<«£E2 7w < | <
= |N ol
Important: To calculate the pH of the mixture during titration, we will start by considering
the titration curve in 4 parts as shown above.
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[ .Socﬂo‘nﬂa’ the

e ——]-'T ”}’07;0—1@0"

| present

) =
fitration €42t

1) s voiue of
urant = 0cm

2, A volljmc :
greater than 0 cm
but less than

25 cm’

(sama as abovo)

(A golution of
strong acid 5
present_.) L

—————

\‘
pH changes during litrati,, .

Initial pH >
pH=-1g[H]=~I3(0.100) = 1.00

NaCl(aq) and
HC/(aq)

(A solution of
strong acid is
present )

pH when a small amount of Naoms\ad. -
When 5.00 cm” of N2OH has peep, 4 ”
acid, the total volume of the Mixturg jg

Since NaOH + HC/ — NaC; & H.0

1molNaOH = 1 mol Hey

No. of moles of unreacted acid
= 222 %0.1= 0002 mol
100!

3) At the end point,
when volume of
titrant = 25 cm?

&) After the end
point, when
volume of titrant is
more than 25 cm?

(A solution of
strong base is
present.)

total volume of mixture is50.10 cm®.

The number of moles of unreacted alkali

=0.10x0.1/1000 = 1.00 x 107 mol
[OH]=100x 105+ 50.10/1000

= 2.00 x 10" mol

pPOH =3 70

- PH=pK, . pOH = 14 . 3.70=10.3
10.2 Titration of strong acid with weak base '

[H*(aq)] = 0.002 = 30/1000 = 0.0667 mq dm i
pH=1.18 |
e
| (same as above) | pH just before the end point —
VWhen 24,00 o’ of NaOH has boen aigeq . |
volume of the mixture is 49.90 cm? ot |
No. of moles of unreacted acid =010 0.1/ 1009
= 100 X 10‘" maol
[H*(aq)] = 1.00 x 10°5 + 49.90/1000 :
=2.00 x 10™* mol |
pH=3.70 ‘
NaCl(aq) pH at equivalence point —~
(A solution of a When 25.00 cm® of NaOH has been added, the acid I
neutral salt is is exactly neutralised. The salf formed, Nacy does |
present ) not undergo salt hydrolysis. [
g
PH now depends on the self-ionisation of waler, ’ [
HO () == H*(aq) + OH- (aq) ' ‘
pH=7.00
NaCl(aq) and PH after the end point ]
NaOH(aq) When 25.10 cm? of NaOH has been added, the
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Solution

25.0 cm® of 0.100 mol dm= HCli(aq)

Titration Curve

[ Titrant 0.100 mol dm* NHs(aq)

pH
13

1=

/ Buffer zone

Maximum buffering capacity

Equivalence point

Vol of titrant for

/ complete reaction
Vol of NH; (aq) added /

(
I
I
I
I
!
|
|
I
I
|
I
I
!
I
|
I
!
0.

50.0 cm’®
Section of the Type of solution N
t——itration alive resent pH changes during titration
1) At volume of HCi(aq) Initial pH
titrant = 0 cm® (A solution of pH = -Ig [H*(aq)] =-lg (0.1)=1.00

strong acid is

present.)
2) At volume HCl/(aq) and pH when a small amount of NHs(aq) is added
greater than 0 cm® | NH¢C/(aq) When 5.00 cm? of NHs(ag) has been added to the
but |9535 than (A solution of acid, the total volume of the mixture is 30.00 cm®.
25¢m strong acid is

present.)

Since NHs + HCI — NHsC! + H0
1 mol HC/

1 mol NH3

No. of moles of unreacted acid

=(1§%xo,1)_(m%xo.1)=o.ooz mol

[H'(aq)] = 0.002 + 30/1000 = 0.0667 mol dm™
pH=1.18

(Same as above)

(Same as above)

pH just before end point
When 24.90 cm® of NHs(aq) has been added, the
total volume of the mixture is 49.90 cm®.

No. of moles of unreacted acid

_ 2 290
= (2% 0.1) - (S ¥ 0.1)
=1.00 x 10 mol
[H*(aq)] .
.., 49.90
=1.00x 1079+ (=)
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=2.00 x 107* mol dm‘\
pH=-1g (2.00x107%) = 3,70

NHsCl/(aq)

pH at equivalence point
When 25.00 cm?® of NHa(aq) hag been N

int
3) Al the end poin, ion of an
w:wen volume C;f ;ﬁ;ggii?tnis acid is exactly neutralised. Totg Volume of Jeg, the
- ant is 25 oM 3 “Olutign,
titrant is 25 C present.) 50.00 cm”. Hion Is
pH now depends on the hydrolysis of the
NHi"(aq) + HO (1) == Np, (aq) + t{‘CI,
30 (aq)
n(NH:") = 25/1000 x 0.1 = 0.0025 o
[NH4'] = 0.0025 / 50.00 x 1000 = 0.05 mpqy dm-2
Given that Ka of NH¢* = 5.7 x 10-10 Mol dm-3
Let x = [H30%(aq)]
_ [HsO*]INH] ¢
© T TN (@ssuming » <<g g
9.7x107=x2/005
x =5.34 x 1075 mol dm-3
pH= 5.2.7 (i.t?. faquivalence point pH < 7 ; salt
formed is acidic)
4) After the end NH.Cl(ag)and | pH at maximum buffering Capacity
point, when NHs(aq)
volume of titrant ;s (A sc?lutlon of a.n When 50.00 ¢cm? .of NHa‘(aq) has been added, the
more than 25 cm® | alkaline buffer is total volume of mixture IS 75.00 cm3.
present.)
Atvol = 50 cm? Fpr a buffer at maximum buffer capacity,
the solution Since [NHq'] = [NH;] o

achieves
maximum
buffering capacity
(MBC).

PH = pK,
PH=-1g(5.7x 10-10) = g o4
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10.3 Titration of weak acld with strong baso

S0l 265 0cm’ . - : ———
Selutlon 0 cm’ of 0.100 mol dm™* CH.COOMH{aqg) [ Titrant 010G ot dm-? NaOH(aa)
Titration Curva N ———— o
pi 2
13 - ‘
l
19 - {
_— Equivalence point \
i / ‘
Buffer zone ‘
7 -
'/
5 ~
: Maximum buffering capacity
37 : Vol of NaOH (aq) needed for
1 ! / complete reaction
'
J ' Vol of NaOH (aq) added |
126 250 ' cm?
Section of the Type of
titration curve solution pH changes during titration
g[gsent 7 )
1) Atvolume of | CH;COOH(aq) Initial pH '
titrant = 0 cm® (A solution of a | Given K,=1.8x 10" moldm™, let [H*] be x mol dm™.
weak acid is _ H'] [CH3COO']
present.) 3 [CH,COOH]
2 2
1.8x107%= ~ X (assuming x <<0.1)
0.1-x 0.
x=[H]=1342% 10~* mol dm™
pH = -Ig (1.342 x 107%) = 2.87
2) At volume CH,COOH(ag) |pHat maximum buffering capacity
greater than and Maximum buffer capacity is reached, the total
0 cm? but '%55 CH,COONa'(aq)| volume of the mixture is 37.50 cm’.
than 25 cm (A solution of an
acidic buffer is For a buffer at maximum buffer capacity, since
present.) [CHsCOOH] = [CH:COO]
At vol = pH = pKa
12.5 cm?®,
the solution pH=-1g (18X 107%) = 4.74
achieves MBC.

35

(% CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

1 C”\CDO Na 'i .ll])

3) At the end _
‘ (A solution of a

paint, when

| oume of ttant | basic saltis is oxactly neutralised, " addeg o
“ax ey’ prosent.) I
o pH now depends on the hydrofys

CH:COO(aq) + H;O( )‘“CHJCOOH( ® Saly
+ OH_
CH;C007 = -2 S0 (@
! [ K ] 10 0 0 0,14 QJ

| pH=14-528=872

Ko = 5.56 X 107" mol dm™? = [CHacOOH] Ok

5.56 x 1070 x 0,05 = ,2
v=[0H7]=5.27 X 10" mol gm-2

pOH =-lg (5.27 x 1076) = 5 28

‘pH at equivalence point
When 25.00 cm? of NaOH hag boe .

1000~ *05 mol g,

[CHscOO ]

10.4 Titration of weak acid with weak base

T

Solution 25.0 cm’ of 0.100 mol dm™ CH;COOH(aq)

- Titration Curve
pH

25.0 50.0

36

Vol of base addeq {cm?3

Titrant 0.100 mq] dm=3 NHa(aq)\
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Comparison of 4 titration curves on the fsame sot of axes

14 00 -

1200 4

1000

800 -

pH

600

400 ¢,

pIl during acid/base ttrations

s D aAdD

—4— pH A B~ IOE
~a—gyH of HCL « WH3

—a— B A CEFSSIR » WdTE
—n— B A CHA O WHZ

z
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vol of base cmn’

10.5 pH curves of diacidic bases and polyprotic acids (self — reading)

1"
13
12
1"
10

o O

pH

(= I N A

Equivalence
(16t pratan added)

Equivalence —»=
(2nd proton added)

Volume of strong acid added

The titration curve for the weak base, Na2CO; and the strong acid HC! shows two separats

equivalence points.

The first equivalence point corresponds to

COs?"(aq) +

Hs0*(aq) — HCOs (aq) + HO(0)

The second equivalence point corresponds to

HCOs (aq) +

H:0* (aq) —> HCOs(aq) + HO()

(%3 CamScanner


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

olyprotic acid

Titration ofaP
;12 Changes
unp 12 :
“»’ul {1 during I‘m.tllmr;
. of s ©
|'hu.sphﬂl‘it‘t‘") .]CiId »
0 Iﬂdmuldm | )W 1:1 .
Ade ’
sodium hydroXC h |
: “mnm'dm ,—‘ Second Tapid py ch;
S . —pH < 97 T fory hmscal
N.'l,-“])()‘ : hahnn 9

- ]—".;\r tapid py Change
pH = 46 rnrman:)n nlr‘

Nall.po,
2
] |
% 50 100 150

Volume of NaOIT ‘eny?

The titration curve for H4POs and NaOH shows two obvious equivalence points.

i i to
The first equivalence point corresponds
NaOH(ag) + HiPOs(aq) —> NaH:PO4(aq) + HO (/)
The second equivalence point corresponds to
NaOH(aq) + NaH:PO:(ag)—= Na:HPOs(aq) + H.0 ()
However, for the third stage of titration of titration
NaOH (aq) + Na;HPO4(aq) — NasPOs(aq) + H:0 ()

the curve is very flat and no suitable indicator will detect an end-point.

pH calculations of carbonic acid
The concentration of a solution of carbonic acid (a diprotic acid) is 0.00370 mol dm-3

Given that

Ka1=4.3x107

H,COs(aq) == H*(aq) + HCO; (aq)
Ka2 = 5.6 X 10-“

HCOs"(ag) = H*(aq) + CO4*(aq)
Calculate
(1_) the pH of the carbonic acid solution and
(ii) the carbonate ion concentration.

(i) Since Ky >> Kz, Kat is used for the calculation.

H.C = *
€0s(aq) == Hr(ag) + HCOs™ (aq) Ka=43x107
» [H] [HCO;™]
al = —
[H:00y Let [H'] = x mo gm=
38
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x2

" (0.00370)
= x2/ 0.00370
X =3.989 x 10-5
pH = 4.40
[B~aq)] [COs%]
(1) Ksz now needs to be used. K,, = [HEeTTaq)]

5.60 x 107" mol dm=3 = [COs%)

Assume: [H*] ~ [HCO37]
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