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	Acid–base equilibria
	



questions

1
a
[HNO3] = [H3O+] = 1.0 × 10–3 M


pH = –log10[H3O+] = –log10(1.0 × 10–3) = 3.0

b
[HCl] = [H3O+] = 0.00624 M
pH = –log10[H3O+] = –log10(0.00624) = 2.20

c
[NaOH] = [OH–] = 10–6 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
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 = 10–8 M

pH = –log10[H3O+] = –log10(10–8) = 8

d
[LiOH] = [OH–] = 3.5 × 10–3 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image2.wmf]3
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 = 2.86 × 10–12 M

pH = –log10[H3O+] = –log10(2.86 × 10–12) = 11.5

e
[Ba(OH)2] = 0.00050 M = 5.0 × 10–4 M

( [OH–] = 2 × 5.0 × 10–4 = 1.0 × 10–3 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image3.wmf]3
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 = 1.0 × 10–11 M

pH = –log10[H3O+] = –log10(1.0 × 10–11) = 11

2
n(HCl) = 
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 = 0.143 mol 

[HCl] = 
[image: image5.wmf]50
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[HCl] = [H3O+] = 0.0952 M


pH = –log10[H3O+] = –log10(0.0952) = 1.02

3
a
c1 × V1 = c2 × V2
(1.35 × 85.0 = c2 × 600

( c2 = 0.191 M

[HCl] = [H3O+] = 0.191 M

pH =  –log10[H3O+] = –log10(0.191) = 0.718

b
c1 × V1 = c2 × V2
( 8.00 × 15.0 = c2 × 280

( c2 = 0.429 M

[HNO3] = [H3O+] = 0.429 M

pH = = –log10[H3O+] = –log10(0.429) = 0.368

4
n(KOH) = 
[image: image6.wmf]1
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 = 0.665 mol

[KOH] =
[image: image7.wmf]250
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 = 2.66 M

[KOH] = [OH–] = 2.66 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image8.wmf]66
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 = 3.75 × 10–15 M

pH = –log10[H3O+] = –log10(3.75 × 10–15) = 14.4

5
The equation representing this neutralisation reaction is:

HCl(aq) + LiOH(aq) ( LiCl(aq) + H2O(l)

n(H3O+) = n(HCl) = c × V = 0.117 × 0.085 = 9.95 × 10–3 mol

n(OH–) = n(LiOH) = c × V = 0.0955 × 0.135 = 0.0129 mol

There is an excess of LiOH, so 

n(OH–) in excess = 0.0129 – 9.95 × 10–3 = 2.95 × 10–3 mol

VT = 85.0 mL + 135 mL = 220 mL = 0.220 L
( [OH–] = 
[image: image9.wmf]220
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 = 0.0134 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image10.wmf]0134
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 = 7.46 × 10–13 M

pH = –log10[H3O+] = –log10(7.46 × 10–13) = 12.1

6 
n(OH–)T = n(NaOH) + n(KOH)

( n(OH–)T = 0.00334 × 0.340 + 8.45 × 10–4 × 0.265 = 1.36 × 10–3 mol

VT = 340 mL + 265 mL = 605 mL = 0.605 L

( [OH–] = 
[image: image11.wmf]605
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 = 2.25 × 10–3 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image12.wmf]3
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 = 4.45 × 10–12 M

pH = –log10[H3O+] = –log10(4.45 × 10–12) = 11.4

7
a
i
[H3O+] in pure water at 35°C = 10–pH = 10–6.85 = 1.41 × 10–7 M

ii
[OH–] in pure water at 45°C = [H3O+] in pure water at 45°C 



=10–pH = 10–6.7 = 1.99 × 10–7 M

iii
At 15°C, Kw = [H3O+][OH–] = (10–7.18)2 = 4.37 × 10–15
b
The equation to represent the self-ionisation of water is:

H2O(l) + H2O(l) ( H3O+(aq) + OH–(aq)




As an increase in temperature causes the magnitude of Kw to increase, the reaction must be endothermic. According to Le Chatelier’s principle an increase in temperature will favour the endothermic (heat-absorbing) process.

8
a
HCOOH(aq) + H2O(l) ( HCOO–(aq) + H3O+(aq)
Ka = 
[image: image13.wmf][HCOOH]
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b
HOBr(aq) + H2O(l) ( OBr–(aq) + H3O+(aq)
Ka = 
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c
HSO4–(aq) + H2O(l) ( SO42–(aq) + H3O+(aq)
Ka = 
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	Monoprotic acid
	Ka (M)
	pKa 

	Aminobenzene
	2.45 × 10–5
	4.61

	Boric acid
	5.75 × 10–10
	9.24

	Hydrazinium ion
	1.15 × 10–8
	7.94


10
The equation for the hydrolysis of hydrocyanic acid is:

HCN(aq) + H2O(l) ( CN–(aq) + H3O+(aq)

Ka = 
[image: image16.wmf][HCN]
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From the equation, [CN–] = [H3O+] at equilibrium, and so:
Ka = 
[image: image17.wmf][HCN]
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We also know from the equation that:

[HCN]i = [HCN]eq + [CN–]eq = 0.50 M
However, as HCN is a weak acid it will ionise to only a small extent and so 

[CN–]eq will be very small. For our calculation we make the assumption that

[HCN]i ( [HCN]eq = 0.50 M.

From earlier, 
[image: image18.wmf][HCN]
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( 
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( [H3O+]2 = 3.0 × 10–10
( [H3O+] = 1.73 × 10–5 M

pH = –log10[H3O+] = –log10(1.73 × 10–5) = 4.76

Percentage hydrolysis = 
[image: image20.wmf]1
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11
The equation for the hydrolysis of the ammonium ion is:

NH4+(aq) + H2O(l) ( NH3(aq) + H3O+(aq)
pH = –log10[H3O+] ( [H3O+] = 10–5.32 = 4.78 × 10–6 M

From the equation, [NH3] = [H3O+] = 4.78 × 10–6 M

As ammonium is a weak acid, [NH4+]eq = [NH4+]i = 0.040 M
Ka = 
[image: image22.wmf]]

[NH

]

O

][H

[NH

4

3

3

+

+

 = 
[image: image23.wmf]040

.

0

)

10

78

.

4

(

2

6

-

´

 = 5.7 × 10–10 M
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a
The equation for the hydrolysis of boric acid is:

H3BO3(aq) + H2O(l) ( H2BO3–(aq) + H3O+(aq)

Percentage hydrolysis = 
[image: image24.wmf]1
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As boric acid is a weak acid, [H3BO3]eq ( [H3BO3]i = 0.60 M
( 
[image: image26.wmf]60
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( [H2BO3–] = 1.86 × 10–5 M

From the equation, [H2BO3–] = [H3O+] = 1.86 × 10–5 M 
pH = –log10[H3O+] = –log10(1.86 × 10–5) = 4.73

b
Ka = 
[image: image27.wmf]]
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Ka = 
[image: image29.wmf][HCr]
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a
If cresol red was added to a solution of pH = 4, then [H3O+] = 10–4 M and the Ka ratio becomes:

Ka = 
[image: image30.wmf][HCr]
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The ratio is very small and so the [HCr] >> [Cr–], indicating that the HCr form is present. We know that the indicator is yellow in acid solution, so HCr must be yellow in colour.

b
If cresol red was added to a solution of pH = 13, then [H3O+] = 10–13 M and the Ka ratio becomes:

Ka = 
[image: image32.wmf][HCr]
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This ratio is very large and so the [Cr–] >> [HCr], indicating that the Cr– form is present. We know that the indicator is red in alkaline solution, so Cr– must be red in colour.

c
If cresol red was added to a solution of pH = 8.3, then [H3O+] = 10–8.3 M and the Ka ratio becomes:

Ka = 
[image: image34.wmf][HCr]
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At this pH the concentration of the two species is the same and the colour will be intermediate between yellow and red, so orange.

14
In acid solution the concentration of hydronium ions (H3O+) is relatively high. As H3O+ is a product of the reaction shown, this high concentration will cause the reaction to proceed to the left to partly compensate, in accordance with Le Chatelier’s principle. The concentration of HBrG will therefore be higher and so the solution will be yellow in colour.

15
a
A buffer is a solution that resists changes in pH over a small range of values.

b
This buffer system contains the weak base ammonia and its conjugate weak acid the ammonium ion. The equilibrium can be written as:



NH4+(aq) + H2O(l) ( NH3(aq) + H3O+(aq)


If a small amount of the strong acid HCl is added, the extra H3O+ will move the position of equilibrium to the left. The concentration of H3O+ will fall and so the pH will rise to near its original value. Similarly, if a small amount of the strong base NaOH is added, the OH– reacts with the H3O+. The reduced H3O+ concentration will move the position of equilibrium to the right. The concentration of H3O+ will increase and so the pH will decrease to near its original value. In this way the buffer system protects itself from the significant pH changes that might otherwise occur. 

c
A buffer solution of pH around 4 requires a weak acid–base system with a pKa of approximately this value. Possibilities include ethanoic acid/ethanoate ion (pKa 4.8), methanoic acid/methanoate ion (pKa of 3.7) or benzoic acid/benzoate ion (pKa 4.2).

16
Carbon dioxide gas dissolves in the aqueous medium of the blood according to the equation:

CO2(g) ( CO2(aq)


The CO2 reacts with the water to form the weakly acidic carbonic acid, which in turn undergoes decomposition to the hydrogen carbonate ion. 


CO2(aq) + H2O(l) ( H2CO3(aq) ( H+(aq) + HCO3–(aq)


If too much CO2 has been expelled from the body the reaction system will proceed to the left, causing a decrease in the concentration of H+(aq) ions. As the pH increases as a result, the person will suffer temporarily from alkalosis.
17
A build-up of carbon dioxide in the heart tissue is accompanied by an increase in acid level, as can be seem from the equilibrium system shown below:


CO2(aq) + H2O(l) ( H2CO3(aq) ( H+(aq) + HCO3–(aq)


To prevent the reaction proceeding too far to the right, the heart muscle can be injected with a solution of hydrogen carbonate that forces the reaction back to the left, as HCO3– is a product of reaction. This has the desirable consequence of also removing the excess acid build-up in the tissue and so preventing serious and potentially fatal damage.

Review Questions 

1
a
[H3O+] = 1.0 × 10–6 M

pH = –log10[H3O+] = –log10(1.0 × 10–6) = 6.0

b
[HCl] = [H3O+] = 0.0010 M

pH = –log10[H3O+] = –log10(0.0010) = 3.0

c
[HNO3] = [H3O+] = 14 M

pH = –log10[H3O+] = –log10(14) = –1.1

d
[OH–] = 1.0 × 10–5 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image36.wmf]5
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 = 10–9 M
pH = –log10[H3O+] = –log10(10–9) = 9.0

e
[KOH] = 10 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image37.wmf]1
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 = 10–15 M
pH = –log10[H3O+] = –log10(10–15) = 15

f 
[NaOH] = [OH–] = 8.52 × 10–6 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image38.wmf]6
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 = 1.17 × 10–9 M
pH = –log10[H3O+] = –log10(1.17 × 10–9) = 8.93

2
a
[H3O+] = 10–7 M

b
[H3O+] = 10–2.25 = 5.62 × 10–3 M

c
[H3O+] = 10–(–1) = 101 = 10 M 

3
n(HF) = 
[image: image39.wmf]0
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[HF] = [H3O+] = 0.229 M
pH = –log10[H3O+] = –log10(0.229) = 0.640
4
c1 × V1 = c2 × V2
(14.0 × 250 = c2 × 3000

( c2 = 1.17 M

[HNO3] = [H3O+] = 1.17 M

( pH = –log10[H3O+] = –log10(1.17) = –0.0669

5
c1 × V1 = c2 × V2
(14.0 × 80.0 = c2 × 780

( c2 = 1.44 M

[HNO3] = [H3O+] = 1.44 M

pH = –log10[H3O+] = –log10(1.44) = –0.157

6
n(NaOH) = 
[image: image41.wmf]0
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[image: image42.wmf]400
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[NaOH] = [OH–] = 0.584 M

Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image43.wmf]584
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 = 1.71 × 10–14 M
pH = –log10[H3O+] = –log10(1.71 × 10–14) = 13.8

7
The relevant equation for this neutralisation reaction is:

H2SO4(aq) + 2KOH(aq) ( K2SO4(aq) + 2H2O(l)

n(KOH) = 
[image: image44.wmf]1

.

56

89

.

2

=

M

m

 = 0.0515 mol

n(H2SO4) = c × V = 0.625 × 0.05800 = 0.0363 mol


From the equation, 0.0363 mol of sulfuric acid reacts with 0.0725 mol of potassium hydroxide and so the sulfuric acid must be in excess (as there is only 0.0515 mol of potassium hydroxide available). The resultant solution will therefore be acidic.

8
The equation representing this neutralisation reaction is:

HCl(aq) + KOH(aq) ( KCl(aq) + H2O(l)

n(H3O+) = n(HCl) = c × V = 1.77 × 0.078 = 0.138 mol

n(OH–) = n(KOH) = c × V = 0.386 × 0.232 = 0.0896 mol

There is an excess of HCl, so 

n(H3O+) in excess = 0.138 – 0.0896 = 0.0485 mol

VT = 78.0 mL + 232 mL = 310 mL = 0.310 L

( [H3O+] = 
[image: image45.wmf]310
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pH = –log10[H3O+] = –log10(0.156) = 0.806

9
n(OH–)T = n(NaOH) + n(KOH)

( n(OH–)T = 0.460 × 0.0400 + 2.29 × 0.135 = 0.328 mol

VT = 40.0 mL + 135 mL = 175 mL = 0.175 L

( [OH–] = 
[image: image46.wmf]175
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Kw = [H3O+][OH–] = 10–14 M2 
( [H3O+] = 
[image: image47.wmf]87
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pH = –log10[H3O+] = –log10(5.34 × 10–15) = 14.3
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If the resulting solution has a pH of 2 then [H3O+] = [HNO3] = 10–2 M = 0.0100 M

c1 × V1 = c2 × V2
(14.0 × 35.0 = 0.0100 × V2
( V2 = 49.0 L

(Volume of water that must be added = 48.965 L

11
a
HCN(aq) + H2O(l) ( CN–(aq) + H3O+(aq)
Ka = 
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b
CH3CH2COOH(aq) + H2O(l) ( CH3CH2COO–(aq) + H3O+(aq)


Ka = 
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c
HNO2(aq) + H2O(l) ( NO2– (aq) + H3O+(aq)
Ka = 
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	Monoprotic acid
	Ka (M)
	pKa 

	Chlorous acid
	0.0115
	1.94

	Butanoic acid
	1.51 × 10–5
	4.82

	Methanamine
	2.51 × 10–11
	10.6
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Ka = 
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From the equation, [C6H5O–] = [H3O+] at equilibrium, and so

Ka = 
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We also know from the equation that:

[C6H5OH]i = [C6H5OH]eq + [C6H5O–]eq = 3.5 × 10–3 M

However, as C6H5OH is a weak acid it will ionise to only a small extent and so 

[C6H5O–]eq will be very small. For our calculation we make the assumption that
[C6H5OH]i ( [C6H5OH]eq = 3.5 × 10–3 M.
From earlier, 
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pH = –log10[H3O+] = –log10(6.06 × 10–7) = 6.22

Percentage hydrolysis = 
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pKa(C6H5COOH) = 4.20 ( Ka = 6.31 × 10–5 M

Ka = 
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From the equation, [C6H5COO–] = [H3O+] at equilibrium, and so

Ka = 
[image: image58.wmf]COOH]

H

[C

]

O

[H

5

6

2

3

+

 = 6.31 × 10–5
We also know from the equation that:

[C6H5COOH]i = [C6H5COOH]eq + [C6H5COO–]eq = 0.020 M
However, C​6H5COOH is a weak acid so for our calculation we make the assumption that [C6H5COOH]i ( [C6H5COOH]eq = 0.020 M.
From earlier, 
[image: image59.wmf]COOH]
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( [H3O+] = 1.12 × 10–3 M
pH = –log10[H3O+] = –log10(1.12 × 10–3) = 2.95

Percentage hydrolysis = 
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pH = –log10[H3O+] ( [H3O+] = 10–2.22 = 6.03 × 10–3 M

From the equation, [NO2–] = [H3O+] = 6.03 × 10–3 M

As nitrous acid is a weak acid, [HNO2]eq ( [HNO2]i = 0.050 M
Ka = 
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16
The equation for the hydrolysis of hydrogen peroxide is:

H2O2(aq) + H2O(l) ( HO2–(aq) + H3O+(aq)

pH = –log10[H3O+] ( [H3O+] = 10–6.36 = 4.37 × 10–7 M

From the equation, [HO2–] = [H3O+] = 4.37 × 10–7 M

As hydrogen peroxide is a weak acid, [H2O2]eq ( [H2O2]i = 0.0840 M
Ka = 
[image: image65.wmf]]
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a
The equation for the hydrolysis of azine is:

C5H5N(aq) + H2O(l) ( C5H4N–(aq) + H3O+(aq)

Percentage hydrolysis = 
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As azine is a weak acid, [C5H5N]eq ( [C5H5N]i = 0.015 M
( 
[image: image69.wmf]0.015
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( [C5H4N–] = 3.1 × 10–4 M

From the equation, [C5H4N–] = [H3O+] = 3.1 × 10–4 M 

( pH = –log10[H3O+] = –log10(3.1 × 10–4) = 3.5

b 
Ka = 
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a
Ka = 
[image: image72.wmf][HMe]
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b
Endpoint occurs when the indicator is intermediate in colour between its acid and basic forms, which occurs when [HMe] = [Me–]. 

Thus, from the Ka expression above, [H3O+] = 2 × 10–4 M 
pH = –log10[H3O+] = 3.7

19
a
i
If bromophenol blue was added to a solution of pH = 3, then [H3O+] 
= 10–3 M and the Ka ratio becomes:

Ka = 
[image: image73.wmf][HBrb]
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[image: image75.wmf][HBrb]
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The ratio is small and so [HBrb] > [Brb–]. The indicator is yellow in acidic solution, so HBrb must be yellow in colour.

ii
If bromophenol blue was added to a solution of pH = 8, 
then [H3O+] = 10–8 M and the Ka ratio becomes:


Ka = 
[image: image76.wmf][HBrb]
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( 
[image: image77.wmf][HBrb]
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This ratio is large and so [Brb–] > [HBrb]. We know that the indicator is blue in alkaline solution, so the Brb– form must be blue in colour.

b
i
Endpoint occurs when the indicator is intermediate in colour between its acid and basic forms, which occurs when [HBrb] = [Brb–]. 


Ka = 
[image: image78.wmf][HBrb]
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( [H3O+] = 6.31 × 10–5 M and pH = –log10[H3O+] = 4.2

ii
The indicator changes colour to its intermediate form of green (between yellow and blue) at pH = 4.20.
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a
H2S(aq) + H2O(l) ( HS–(aq) + H3O+(aq)



b 
n(H2S) = 
[image: image79.wmf]1
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Ka = 
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From the equation, [HS–] = [H3O+] at equilibrium, and so:
Ka = 
[image: image82.wmf]S]
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We also know from the equation that:

[H2S]i = [H2S]eq + [HS]eq = 0.10 M
However, as H2S is a weak acid, for our calculation we make the assumption that
[H2S]i ( [H2S]eq = 0.10 M.

From earlier, 
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( [H3O+]2 = 9.88 × 10–9
( [H3O+] = 9.94 × 10–5 M
pH = –log10[H3O+] = –log10(9.94 × 10–5) = 4.0
d
i
A buffer is a solution that resists changes in pH over a small range of values.

ii 
This buffer system contains the weak acid hydrogen sulfide and its conjugate weak base the hydrogen sulfide ion. The equilibrium can be written as:



H2S(aq) + H2O(l) ( HS–(aq) + H3O+(aq)


If a small amount of the strong acid HCl is added, the extra H3O+ will move the position of equilibrium to the left so as to partly compensate for the increase in concentration of product according to Le Châtelier’s principle. The concentration of H3O+ will fall and so the pH will rise to near its original value. 

Examination Questions 

Multiple choice

1
B 

2
D

Extended response

1
a
Ka = 
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pKa(HOI) = 10.6 ( Ka = 2.51 × 10–11 M

c
Ka = 
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( [H3O+]2 = 7.54 × 10–13
( [H3O+] = 8.68 × 10–7 M

pH = –log10[H3O+] = –log10(8.68 × 10–7) = 6.06

2
a
i
pH = 6.4 ( [H3O+] = 3.98 × 10–7 M

Ka = 
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ii
Percentage ionisation (hydrolysis) = 
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( % hydrolysis = 
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b
If the concentration of HOCl decreases over time, the reaction will proceed to the right to partly compensate for this loss of product. As a result, the concentration of hydronium ions (H3O+) will decrease and so the pH will increase. This effect can be countered by the addition of more acid.
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