Week 9 Equilibria Involving Acids & Bases

Self-ionisation of water
Through reaction with itself:
H,O(0) + H,0(l) == H,0*(aq) + OH-(aq)

[HO"][OH]

At equilibrium, K = o
2

The concentration of water in aqueous solutions is virtually constant at about
56 M, thus:

[H,O*][OH] = K x [H,OF =a constant
This expression can also be written as:
K_ = [H,0¥[OH]

K, is called the ionisation constant of water.

In pure water at 25°C, the concentration of both [H;0*] and [OH7] is 107 M.
Therefore, the value of K, at 25°C can be calculated:

K,, = [H,0*] [OH] = 107 X 107 = 1.0 X 1014 M2

Acidic and basic solutions

In acidic solutions, H,O* ions are formed by reaction with the acid with
water as well as self-ionisation of water.

The concentration of H;0* ions will be greater than 107 M at 25°C.

Since the product [H,0*] [OH] remains constant, the concentration of OH-
ions in an acidic solution must be less than 107 M at 25°C.

The opposite is true for basic solutions.

In summary, at 25°C:
« in pure water and neutral solutions: [H;0*] = [OH] =107 M
« in acidic solutions: [H;0*] > 107 M and and [OH] < 10" M

« in basic solutions: [H;0*] < 107 M and [OH] > 107 M

pH: a convenient way to measure acidity

pH = -log;[H;0%]

or when re-arranged,  [H;0*] = 10-"H

* For pure water at 25°C, [H,0*] = 107 M, so pH = -log,,107 = 7.

» For acidic solutions, [H;0*] > 107 M; so pH <7
e.g. 0.020 M HCI at 25°C has [H,0*] = 0.020 M
so pH = -log,,0.020 = 1.7.

» For basic solutions, [H;0*] <107 M; so pH > 7
e.g. 0.300 M NaOH at 25°C has [OH-] = 0.300 M
Since [H;0*][OH]=1.0 X 10-"4 M2
[H;0*1 X 0.30 M = 1.0 X 10-1* M2
[H,0*] = (1.0 X 104 M2)/0.30 M = 3.33 X 104 M
Therefore, pH = -log,, (3.33 X 10-'4) = 13.5

Worked example 17.1a

Calcuate the concentration of hydmgen kons in tlood If the pH of biood 5 7.4,
Solution
[H,07) =10+
=107%=4.0 % 10 M (using a calculator)
The concentration of H,0+ lons In blood Is 4.0 x 10 M

Worked example 17.1b

40.0 mL of 0.200 M hydrochionc acd reacts with 20,0 mL of 0.100 M sodum hrydroodde
soluflion, Caicutale the ph of e resuling soiution,

Salution
The recction can be repeesented by the pquation:
HCl{aq) + NaOH{aq) == NaCl{aq) « H,O()

Feactions between song ackls and Stiong bases can be regarsad as bang virualy
compldte, 50

MHGY = ¢ V= 00200 x 0.0400 = 0,008 00 mdl
MHa0H) = 0.100 x 0.0200 = 0.002 00 mal
From the equation, nHCH reacted with NaOH = njNa0H) = 0,002 00 mol
S0, AHCH unreactad = 0.008 00 = 0.002 00 = 0,006 00 mal.

Since 1 mal of HOI ghvies 1 mal of HO®, afH,0°) = 0.008 00 mod The o6l wlume of B
mibeure 5 40.0 + 20.0 mL = 80.0mL.
OO
o=
0006md
= TmEmT ~100M
50, pH = —log,, 0.100 = 1.00




How is pH affected by temperature?

The ionisation constant for water is:
K = [H,O][OH] = 1.0 x 1014 M2 at 25°C

We can use this relationship to calculate [H;0*] or [OH] at 25°C
But what about at other temperatures?

The self-ionisation reaction for water is endothermic
H,O(1) + H,0(l) = H,0*(aq) + OH-(ag); AH = +57 kJ mol”
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key questions &

1 Calculate the pH of the following solutions:
a 0.000 10 M HNO,(ag)
b 0.050 M HCl{ag)
¢ 0.000 10 M KOHiag)
d 0.020 M NaOH(ag)
2 Calculats the concentration of H,0* and OH- lons at 25°C In:
a pancreatic Juice of pH 8.0
b Coca-Cola of pH 3.0
¢ urine of pH 6.0

Acidity Constants

Most acid-base reactions in water can be considered as equilibrium reactions
e.g. HCl ionises in water thus:
HCl(aq) + H,O() # H,0*(aq) + Ck(aq)
The equilibrium constant can be expressed as:

_ [H,04[CH

[HCI[H,O]
Since the concentration of the solvent water is virtually constant, we can
write thus:
[H,O*][CI]

KIH,0l = =g =K.

The quantity K, is known as the acidity constant.

The K, of HCl is 107 M at 25°C
This means that in HCI solutions, most of the acid is converted to H;O* and CI”
This is why HCl is classed as a strong acid.




By contrast, the K, of ethanoic acid is 1.75 X 10-5 M at 25°C

CH,COOH(aq) + H,O(l) -\_—\ CH,COO~(aq) + H,0%(aq)
Ke [H,0*][CH,CO0"]

: CH,;COOH]|[H,O]
K = [H,O0*][CH,COO]

«= T [CH,COOH]

In ethanoic solutions, the position of the equilibrium favours the reactants and
there is relatively small amount of products.

Ethanoic acid is classed as a weak acid because at equilibrium only a small
proportion of the acid has been ionised.

The K, can be used as a measure of an acid’s strength.

TasLe 17.2 K, values for some
common acids at 25°C

[pod k]

Ethanolc acld 1.75 % 10
Cltric acld* 72x104
Phosphoric acld* 7 x 107
Nitric acld 2x 10
Hydrochloric acld -~ 107

Sulfurlc acld* 10°

*In the case of the polyprotic acids citric
acld, phosphoric acld and suifuric acid,
the K, value quoted Involves the loss of the
first proton.

Calculations involving acidity constants

The following example shows how an acidity constant can be used to
calculate the pH of a solution of a weak acid.

Worked example 17.2
Calculate the pH and percentage hydrolysls of a 0.50 M ethanalc acid solution, given that the
K, for ethanolc acld IS 1.75 = 10 M,
Solution
The equation for the lonisation of ethanolc acid is:
CH,COOH(aq) + HO(l) &= CH,000(aq) + H,0*(aq)
[H,0*][CH,COC]
[CH,COOH]
From the erquation for the reaction we can see that for every mole of ethanolc acii that lonlses,
one molg of H,0~ and one mole of CH,CO0- will be formed. So we can say:
[H,0"] = [CH,COU]
If we substitute this Into the expression for &, we get
Ho?
[CH,COOH]
We also know from the equation for the reaction that In 2 0.50 M solution of ethanolc acid:
[CH,COOH] + [CH,CO0 =0.50 M

K = =175 x 105M

=175 x10°M

However, ethanolc acid Is aweak acld with a very small K., so we know It wil only lonise o a
very small axtant. As the small value of &, Indicates that litle CH,C00-Is formed by lonisation,
we can approximate the above exprassion to:
[CH,COOCH] = 0.50 M
I we substitute this Into the reised expression for K‘, we get:
IOT | 75 10
E
[H,0°F = 8.7 x 10°
.07 = 2.96 x 10°

PH = g [2.96 % 109] = 2.5

We can measure the extent of the reaction by calculating the percentage hydrolysis (or
percentage lonisation), the fraction of the acid that is lonised. Percentage hydrolysis Is given

by the expression:
(0001 % 100_206%10°
[CR.CO0M 050

=0.58%
This means that in a 0.50 M solution Just sb in every thousand CH,GOOH molecules are
hydrolysed at any instant—no wonder It's classified as a weak acid!

These ideas can be generalised to solutions of any weak acid represented by
HA.

HA(aq) + H,O(l) = A-(aq) + H,0*(aq)

[H,0*] = [A] and [HA] does not change during the ionisation (hydrolysis)




Buffers: Using equilibrium to resist change

Buffers are solutions that can absorb the addition of acids or bases with
little change of pH. They are most easily made by mixing a weak acid and
a salt of its conjugate base e.g. ethanoic acid and sodium ethanoate:

CH,COOH (aq) + H,0 (I) == CH,COO" (aq) + H,0* (aq)

The important feature of this solution is that it contains significant amounts
of both the weak acid and its conjugate base.

If a strong acid such as HCl is added to the equilibrium mixture of ethanoic
acid/ethanoate ion, the pH will decrease, but much less than expected.

Le Chatelier’s Principle is followed and the system will oppose the change
and restore equilibrium.

The addition of H;0O* causes a net back reaction.

The addition of a strong base consumes H,0", causing a net forward
reaction.

In both cases the overall effect on [H;0*] is small so the change in pH is
minimal.

HA == Hhg + °
stays roughly
constant because

PIemyan:&m Planty l;fA'm
make more H(aq) combinewith any
if some used up by H+{(aq) that gets

alkali that gets added added

Figure 175 —
How the equilibrium between a weak acid,
HA, and its conjugate base, A-, keeps the pH
constant,

Buffers are very important in biological systems where they help maintain
delicate chemical processes essential to life

pH in the body

Blood is maintained within a narrow ph band of 7.35 — 7.45.

llinesses such as pneumonia and emphysema can lower this value to
potentially lethal levels.

Hyperventilation can raise pH.
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Figure 1788 —— =~
Effects of changes In bload phl

Buffers maintain pH within limits in the body.
One of the important buffers is made up from carbonic acid and the
hydrogen carbonate ion.

H,CO, (aq) + H,0 (I) = HCO; (aq) + H,0* (aq)

* If H;0* ions are added, a net back reaction occurs, removing these ions.

+ If OH- ions are added they react with H;O* ions and a net forward reaction
occurs.




Acids, bases and pH

7 Identify the conjugate aclc-tase palrs In the following

equations.

a HNO,fag) + H0() == H,0%(ag + N0, {ag)
b HCN(ag) + H,0() === H,0%@ag) + Ch-ag)
© HCO{aq) + H,0() == H,00,{aq) + Ot{ag)
d PO, (ag) + H,00) = HFO 2 (ag) + Ot-{an)
8 Perchloric acid (HCIO,) Is a strong monoprolic acid. For a

0.0100 M perchloric acid solution, calculats:

a [0H]
b pH

9 100 mL of hydrochloric acid of pH 4.0 Is mixed with 100 mL
of hydrochloric acld of pH 5.0. What Is the pH of the solution

formed?

10 Calculate the pH of the solution formed when 7.30 g of
hydrogen chiorlde Is dissalved In water to make up 2.00 L of

solution.

14 In pure water at 25°C, the concentration of both H,0* and OH-
lons Is 107 M due to the reaction described by the equation:

2H,0(1) = H,0"(aq) + OH-(aq)

The forward reaction Is endothermic. Suppose some pure

water Is heated.
a What happens to the value of K,?

b What happens to the concentration of H,0+ and OH- lons?

© What happens to the pH?

d Doss the water become acldic, neutral or basic? Explain.

Acidity constants

16 A 0,100 M solution of fiypolodous acid (HO) has a pH of 5.8,
a Write an equation for the lonisation of hypolodous acid.

b Write an expression for K, for hypolodous acid.
¢ Calculate [H,0° In the solution.
d Calculate K, for hypolodous &cid.

17 Astudent investigating an equiliorium mixture produced by
reacting methanoic acid (HCOOH) and water finds that the
pH o the solution Is 2.4 and the concentration of HCOOH Is
0.10 M. Calculate the K, of methanolc acid.

The Contact Process for Sulfuric Acid

SO, (from various sources) — SO, — H,SO,

Concentrated
Moalten sulfur sulfuric acid

Sulfur
dioxide

Unreacted
sulfur
diaride

Catalyst bed

Hot gas cooled
and retumed

tricxide

I Figure 215 —— :

The contact process for manufacturing sulfuric
acid.

Absorption
tower

Oleum diluted
= . to form suifuric
acid

Step 1: Burning sulfur

Molten sulfur is sprayed under pressure into a furnace where it burns in air
to produce SO, gas.

S(l)+0,—S0,(g); AH =-297 kJ mol"

Temperatures may reach 1000°C. The gas is cooled for the next step.

Step 2: Catalytic oxidation of sulfur dioxide
Using vanadium (V) as a catalyst:

280, (g) + 0, (@) = 280, (g); AH = -197 kJ mol-

« Performed in a reaction vessel called a converter.

« Gas stream is passed through a series of trays containing loosely packed
porous pellets of catalyst.

« The reaction is exothermic and cooling is necessary (reaction maintained
at 400 — 500°C and 101 kPa.

« Nearly 100% conversion is achieved.




Le Chatelier’s Principle complied with

Equilibrium yield of SO; will increase:

« Since the reaction is exothermic, as T° decreases, the system will
compensate for the reduction by favouring the forward reaction which

releases energy.

« The system reacts to high pressure by favouring the forward direction

because this will reduce pressure.

Catalyst

A conflict exists because a high equilibrium
yield is favoured by low T° whereas as fast
rate of production is favoured by high Te.

By using a catalyst it is possible to use
lower T° and still achieve acceptable
reaction rates.
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Step 3: Absorption of SO,
S03(g) + H,0 () (aq) — H,SO, (aqg); AH =-130 kJ mol-!

Direct absorption in water is not used because of the heat evolved.

Instead, SO; is passed into concentrated H2SO4 in an absorption tower.
A two step reaction occurs:

SO, (g) + H,S0, (1) — H,S,0, (I) (this is oleum)

H,S,0; (1) + HO (1) — 2H,80, (1)

6 The sulfur dioxide gas used as the raw matarial for

manufacturing suifuric acld can come from either suifur
extracted from processing fossll fuels or from smelting metal
ores. Write balanced equations for the production of suffur

dloxide from:
a elemental sulfur
b smelting Iron(l} suifide

7 Inthe commerclal production of sulfuric acld, sulfur dioxide Is

oxldised to sulfur trioxide by oxygen gas.

o™

reaction.

o

Write a balanced chemical equation for the reaction.
Write an expression for the equllibrium constant for the

Predict the reaction conditions that would favour maximum

equiliorium yleld of sulfur trioxide. Explain your reasoning.

a

How would these conditions affect the rate of reaction?

9 Although water reacts directly with sulfur trioxice to form
sulfuric acld, this reaction Is not employed when sulfuric acld

Is made.
a Explaln why not.
b Describe the process that Is used.

¢ Wite equations for the reactions that occur In the process

described In part b above.




