8 Acids and bases (SL)
8.1 Theories of acids and bases
Understandings:
● A Brønsted–Lowry acid is a proton/H+ donor and a Brønsted–Lowry base is a proton/H+ acceptor.
Learning objectives 
• Understand and recognize the Brønsted–Lowry definitions of acids and bases 
• Recognize Brønsted–Lowry acids and bases
Examples of acids include hydrochloric acid (HCl) and sulfuric acid (H2SO4), and bases include sodium hydroxide (NaOH) and ammonia (NH3).
In the simplest definition of acids and bases, an acid is defined as a substance that produces hydrogen ions in solution, and a base is a substance that produces hydroxide ions in solution.
NATURE OF SCIENCE
The evolution of theories to explain acid–base chemistry and develop general principles is a fascinating tale of the scientific process in action. Some theories have arisen and been disproved, such as Lavoisier’s early definition of an acid as a compound containing oxygen.
Falsification of an idea when it cannot be applied in all cases is an essential aspect of the scientific process. Other theories have proved to be too limited in application, such as Arrhenius’ theory which could not be generalized beyond aqueous solutions.
On the other hand, Brønsted–Lowry theory (as well as an alternate broader theory known as Lewis theory that is described later), has stood the test of time and experimentation. This indicates that it has led to testable predictions which have supported the theory, and enabled wide ranging applications to be made.
Brønsted–Lowry acids and bases
The Brønsted–Lowry definition is: 
• an acid is a proton (H+) donor 
• a base / alkali is a proton (H+) acceptor
Learning question
The reaction of ethanoic acid with water is as below. By considering the forward and backward reactions describe the Brønsted–Lowry acid-base behavior for the forward and backward reactions.  
CH3COOH (aq) + H2O(I) [image: ]  CH3COO–(aq) + H3O+(aq) 


Conjugate pairs
Consider the acid–base reaction between a generic acid HA and base B:
HA + B  [image: ] A– + BH+
HA acts as an acid, donating a proton to B while B acts as a base, accepting the proton from HA.
In the reverse reaction, we can pick out another acid–base reaction: here BH+ is acting as an acid, donating its proton to A– while A– acts as a base accepting the proton from BH+.
Acid HA has reacted to form the base A–, while base B has reacted to form acid BH+.
                                    [image: ]
The acid–base pairs related to each other in this way are called conjugate acid–base pairs, and you can see that they differ by just one proton.

Practice questions

1. NH3(aq) + H2O(l) [image: ] NH4+(aq) + OH−(aq)
Base1      
      Describe the conjugate-acid base pairs in this reaction. 






2. Write the conjugate base for each of the following.
 
                        (a) H3O+           
                          



                          (b) NH3 
 


                          (c) H2CO3



3. Write the conjugate acid for each of the following.
               (a) NO2 -



                         (b) OH– 
       

                         (c) CO32–


Amphiprotic and Amphoteric behavior: Some species can act as acids and as bases
Amphoteros is a Greek word meaning ‘both’. For example amphibians are adapted both to water and to land.
Amphiprotic refers to the Bronsted-Lowry definition of acids and bases and indicates a species that can donate (acting as an acid) or accept (acting as a base) a proton.

Example of water
Consider the two reactions below to describe the nature of water by the Bronsted-Lowry

CH3COOH + H2O [image: ] CH3COO– + H3O+
acid                base               base        acid


NH3 + H2O   [image: ]  NH4+ + OH–
base     acid              acid      base





Water is a substance that is amphiprotic and we have seen above that it acted as a proton donor (to form OH–) in its reaction with NH3 but as a proton acceptor (to form H3O+) in its reaction with CH3COOH.
Amphoteric is a more general term and refers to a substance that can act as an acid and a base – all amphiprotic substances are also amphoteric but not all amphoteric substances are amphiprotic.
An amphiprotic substance is one which can act as both a proton donor and a proton acceptor.

Problem 
Write equations to show HCO3– acting
 (a) As a Brønsted–Lowry acid and



 (b) As a Brønsted–Lowry base.






8.2 Properties of acids and bases
Understandings:
● Most acids have observable characteristic chemical reactions with reactive metals, metal oxides, metal hydroxides, hydrogen carbonates, and carbonates.
Learning objectives 
Describe the reactions of acids with metals, bases, alkalis, carbonates and hydrogencarbonate

The soluble bases are known as alkalis. When dissolved in water they all release the hydroxide ion OH–. For example:

K2O(s) + H2O(l)   → 2K+(aq) + 2OH–(aq)
NH3(aq) + H2O(l) [image: ] NH4+(aq) + OH–(aq)
CO32–(aq) + H2O(l) [image: ]HCO3–(aq) + OH–(aq)
HCO3–(aq) [image: ] CO2(g) + OH–(aq)
Acids react with metals, bases, and carbonates to form salts
The term salt refers to the ionic compound formed when the hydrogen of an acid is replaced by a metal or another positive ion. Salts form by reaction of acids with metals or bases.

There are three main types of reactions by which acids react to form salts.
1 Acid + metal → salt + hydrogen
        2HCl(aq) + Zn(s) → ZnCl2(aq) + H2(g)
        2CH3COOH(aq) + Mg(s) →Mg(CH3COO)2(aq) + H2(g)

Problem: Write the ionic equations for the two reactions. 




Species which do not change during a reaction, like Cl– here, are called spectator ions and can be cancelled out.

These reactions of metals with acids are the reason why acids have corrosive properties on most metals, and why, for example, it is important to keep car battery acid well away from the metal bodywork of the car.
[image: ]



2 Acid + base → salt + water
HCl(aq) + NaOH(aq) →  NaCl(aq) + H2O(l)
HNO3(aq) + NH4OH(aq) → NH4NO3(aq) + H2O(l)
2CH3COOH(aq) + CuO(s) →  Cu(CH3COO)2(aq) + H2O(l)
These reactions between acids and bases are known as neutralization reactions and are exothermic. They can all be represented by one common ionic equation that shows the net reaction clearly:
H+(aq) + OH–(aq) →  H2O(l)
Treatment for acid indigestion is a neutralization reaction and often involves using ‘antacids’ which contain a mixture of weak alkalis such as magnesium hydroxide and aluminium hydroxide.
Adding a weak alkali such as lime, CaO, can help to reduce the acidity and so increase the fertility of the soil.

3 Acid + carbonate → salt + water + carbon dioxide
2HCl(aq) + CaCO3(s) →  CaCl2(aq) + H2O(l) + CO2(g)
H2SO4(aq) + Na2CO3(aq) →  Na2SO4(aq) + H2O(l) + CO2(g)
CH3COOH(aq) + KHCO3(aq) →  KCH3COO(aq) + H2O(l) + CO2(g)
These reactions can also be represented as an ionic equation:
2H+(aq) + CO3 2–(aq) →  H2O(l) + CO2(g)
The reactions, like the reaction of acids with metals, involve a gas being given off so they visibly produce bubbles, known as effervescence.


8.3 The pH scale
Understandings:
● pH = – log [H+(aq)] and [H+] = 10–pH.
● A change of one pH unit represents a 10-fold change in the hydrogen ion concentration [H+].
Learning objectives 
• Use pH values to distinguish between acidic, neutral and alkaline solutions 
• Understand that pH provides a measure of the concentration of H+ ions in aqueous solution 
• Solve problems involving pH 
• Write an equation for the dissociation of water and state the expression for Kw 
• Use Kw values to work out the concentrations of H+(aq) and OH–(aq) and the pH of aqueous solutions



Measuring pH
At 25 °C, a solution with pH lower than 7 is acidic, a solution with pH 7 is neutral and a solution with pH greater than 7 is alkaline.
The pH of a solution can be determined by using a pH meter or by using universal indicator solution or paper. 
pH is a measure of the concentration of H+(aq) ions in a solution. The concentration of H+ ions can be stated in mol dm−3, but the use of the log10 function simplifies the numbers involved.

pH = −log10[H+(aq)] and has no units.

If the concentration of H+ ions in a solution is 1.57 ×10−3 moldm−3, what is the pH? 
pH = −log10 (1.57 × 10−3) = 2.80
Because pH is a log scale (to base 10), a 1 unit change in pH indicates a tenfold change in the H+ ion concentration
Calculating [H+(aq)] from a pH 
Calculating [H+(aq)] from a pH 
To calculate [H+(aq)] from a pH, the inverse function of log10 must be used. So 10 must be raised to the power of −pH. 

[H+(aq)] = 10−pH

Problems 
1. If the pH of a solution is changed from 3 to 5, deduce how the hydrogen ion concentration changes.





2. Human blood has a pH of 7.40. Calculate the concentration of hydrogen ions present.




The dissociation of water
Water dissociates (or ionises) according to the equation: 
H2O(l) [image: ] H+(aq) + OH−(aq) 
The degree of dissociation is very small and, at 25 °C, in pure water the concentrations of H+ and OH− ions are equal at 1.0 × 10−7 mol dm−3.
Write the equilibrium constant Kc for water and hence the ionic product constant Kw of water.


Kw refers to the ionic product for H2O(l) → H+(aq) + OH−(aq) equilibrium in all aqueous solutions – the product of the H+ and OH− concentrations in any aqueous solution at 298 K is 1.0 × 10−14. 
Because the product [H+] × [OH–] gives a constant value, it follows that the concentrations of these ions must have an inverse relationship.



 Problem 
3. Consider a 0.10 mol dm−3 solution of hydrochloric acid which dissociates fully in solution. What is the concentration of OH− ions in this solution? What is the source of the OH− ions in the solution? 





The presence of H+ ions from the ionisation of water in all aqueous solutions explains why we can always measure a pH.
Calculating the pH of a solution of a strong acid
Because strong acids can be assumed to dissociate fully in aqueous solution the concentration of H+ ions is the same as the concentration of the acid.
4. calculate the pH of a 0.001 50 mol dm−3 solution of hydrochloric acid.


5. a What is the pH of 10 cm3 of 0.10 mol dm−3 hydrochloric acid?



b If 90 cm3 of water is added to the acid, what happens to the pH?



  c If the solution from part b is now diluted by a factor of a million (106), what is the approximate pH of the final solution?



6. Calculate the pH of a 0.250 mol dm−3 solution of potassium hydroxide at 25 °C.



8.4 Strong and weak acids and bases
Understandings:
● Strong and weak acids and bases differ in the extent of ionization.
Learning objectives 
· Understand the difference between strong and weak acids and bases 
· Recognise examples of strong and weak acids and bases 
· Describe and explain experiments to distinguish between strong and weak acids and bases
Strong acids and strong bases ionize almost completely in solution; weak acids and weak bases ionize only partially in solution.
Strong acids
Strong acids such as hydrochloric (HCl), sulfuric (H2SO4) and nitric (HNO3) acid dissociate completely in aqueous solution.
This can be represented as:
HA(aq) → H+(aq) + A−(aq)
The non-reversible arrow (→) is used to indicate that dissociation is essentially complete.
HCl is a monoprotic acid – it dissociates to form one proton per molecule. 
H2SO4 is a diprotic acid – it can dissociate to form two protons per molecule:
H2SO4(aq) + H2O(l) → HSO4−(aq) + H3O+(aq) 
HSO4−(aq) + H2O(l) [image: ] SO42−(aq) + H3O+(aq)
Sulfuric acid is a strong acid for the first dissociation only.
 
Weak acids 
	Weak acids dissociate only partially in aqueous solution 


Examples of weak acids are carbonic acid (H2CO3) and carboxylic acids such as ethanoic acid (CH3COOH).

The dissociation of a weak acid is represented by: 
HA(aq) [image: ]H+(aq) + A−(aq) 
The equilibrium arrow is essential and indicates that the reaction is reversible and does not go to completion.
The dissociation of ethanoic acid is represented by:  
CH3COOH(aq) [image: ] CH3COO−(aq) + H+(aq) 
or CH3COOH(aq) + H2O(l) [image: ] CH3COO−(aq) + H3O+(aq)
Carbonic acid is formed when carbon dioxide dissolves in water
H2O(l) + CO2(g) [image: ] H2CO3(aq)
It is a diprotic acid and its dissociation can be shown as: 
H2CO3(aq) [image: ] HCO3−(aq) + H+(aq) 
HCO3−(aq) [image: ]CO32−(aq) + H+(aq)

Bases
When a base (B) reacts with water, it accepts a proton from the water and ionises according to: 
B(aq) + H2O(l) [image: ] BH+(aq) + OH−(aq) 
Bases are defined as strong or weak depending on how much they ionise in aqueous solution.

Strong bases
Strong bases ionise completely in aqueous solution.
For example, sodium hydroxide ionises completely to produce OH− ions: 
NaOH(aq) → Na+(aq) + OH−(aq) 
Strong bases include the group 1 hydroxides (LiOH, NaOH etc.) and Ba(OH)2.
Weak bases 
Weak bases ionise only partially in aqueous solution.

Ammonia is a typical weak base and ionises according to the equation: 
NH3(aq) + H2O(l)  [image: ]NH4+(aq) + OH−(aq) 
In a 0.10 mol dm−3 solution of ammonia (at 25 °C) about 1.3% of the molecules are ionised.
[image: ]
Note that amines such as ethylamine, C2H5NH2, can be considered as organic derivatives of NH3 in which one of the hydrogen atoms has been replaced by an alkyl (hydrocarbon) group. The ‘A’ in DNA, the store of genetic material, stands for ‘acid’, in this case the acid present is phosphoric acid.

Distinguishing between strong and weak acids and bases
Strong bases will contain a higher concentration of ions than weak acids and weak bases and this can be used as a means of distinguishing between them.
1. Electrical conductivity
Strong acids and strong bases will show higher conductivity than weak acids and bases so long as solutions of the same concentration are compared. This can be measured using a conductivity meter or probe, or by using the conductivity setting on a pH meter.

2. Rate of reaction
The reactions of acids depend on the concentration of H+ ions and will therefore happen at a greater rate with stronger acids. Strong acids react more violently with metals or carbonates

3. Measuring the pH
Because it is a measure of the H+ concentration, the pH scale can be used directly to compare the strengths of acids (providing they are of equal molar concentration). The higher the H+ concentration, the lower the pH value. 






The relationship between the strength of an acid and the strength of its conjugate base
The stronger an acid, the weaker its conjugate base.

A strong acid such as HCl dissociates completely in aqueous solution: 
HCl(aq) → H+(aq) + Cl−(aq) 
The conjugate base of HCl is Cl− - this is a very weak base because it has virtually no tendency to react with H2O or H+ to re-form HCl. The above reaction goes essentially to completion. 
HCN, on the other hand, is a very weak acid and has very little tendency to dissociate: 
HCN(aq) + H2O(l) [image: ] H3O+(aq) + CN–(aq)  
The position of equilibrium lies a long way to the left. CN– has a strong tendency to pick up H+ from H3O+, that is, to act as a base.
When CN- is added to water it reacts to re-form the parent acid:
CN−(aq) + H2O(l) [image: ] HCN(aq) + OH−(aq)

[bookmark: _Hlk82374622]The stronger a base, the weaker its conjugate acid.

A weak base ionises partially in aqueous solution: 
B(aq) + H2O(l) [image: ] BH+(aq) + OH–(aq)  
The stronger the base, the further the position of this equilibrium lies to the right and the less tendency the conjugate acid (BH+) has to donate a proton to re-form B.
So, ethylamine (stronger base) has a weaker conjugate acid than ammonia (weaker base).

[bookmark: _Hlk82374791]A strong acid is a good proton donor that ionises completely in aqueous solution – it has a weak conjugate base. 
A strong base is a good proton acceptor that ionises completely in aqueous solution – it has a weak conjugate acid.
 
[bookmark: _Hlk82374844]Strength versus concentration
The concentration of an acid refers to the number of moles of acid in a certain volume. 
The strength of an acid refers to how much it dissociates in aqueous solution.
A solution of ethanoic acid of concentration 1.00 mol dm−3 is a more concentrated solution than 0.100 mol dm−3 ethanoic acid. No matter how concentrated the solution of ethanoic acid is, it will never become a strong acid because it always dissociates partially. 

[bookmark: _Hlk82374922]pH is not a measure of acid or base strength
[bookmark: _Hlk82374952]pH can be used to compare acid strength only if equal concentrations of acids are being compared.
[bookmark: _Hlk82375003]pH is simply a measure of the concentration of H+(aq) ions. It is possible for a dilute solution of a strong acid to have a higher pH than a concentrated solution of a weak acid.

[bookmark: _Hlk82375033]8.5 Acid deposition
Learning objectives 
• Understand what is meant by acid deposition and what causes it 
• Understand some of the problems associated with acid deposition 
• Understand the difference between pre- and post-combustion methods of reducing sulfur dioxide emissions

[bookmark: _Hlk82375060]Acid deposition is a more general term than acid rain. It refers to any process in which acidic substances (particles, gases and precipitation) leave the atmosphere to be deposited on the surface of the Earth. It can be divided into wet deposition (acid rain, fog and snow) and dry deposition (acidic gases and particles).

Oxides of non-metals are acidic and, if soluble in water, dissolve to produce acidic solutions.
Rain is naturally acidic because of dissolved carbon dioxide:

H2O(l) + CO2(g) [image: ] H2CO3(aq)  
                                   carbonic acid 
H2CO3 is a weak acid and dissociates partially according to the equation: 
H2CO3(aq) [image: ] H+(aq) + HCO3−(aq) 
[bookmark: _Hlk82375155]Because of this reaction, the pH of rain water is about 5.6. This is a natural phenomenon – rain with a pH between 5.6 and 7 is not considered to be ‘acid rain’. Acid rain is considered to be rain with a pH lower than 5.6.
 
[bookmark: _Hlk82375243]Acidic pollutants include the oxides of sulfur and nitrogen.
Sulfur dioxide (sulfur(IV) oxide) can be formed by various natural and anthropogenic processes – such as the burning of sulfur-containing fuels: 
        S(s) + O2(g) → SO2(g)
SO2 is converted into SO3 and H2SO4 in the atmosphere in a complex process whose reactions can be summarized as follows.

2SO2(g) + O2(g) → 2SO3(g) 
                     sulfur(VI) oxide 
SO3(g) + H2O(l) → H2SO4(aq) 
                      sulfuric(VI) acid 
SO2 can also dissolve in water to produce sulfuric(IV) acid (sulfurous acid): 
SO2(g) + H2O(l) → H2SO3(aq) 
                        sulfuric(IV) acid

The main anthropogenic sources of nitrogen oxides are the internal combustion engine, coal, gas, oil-fuelled power stations and heavy industry power generation.
            N2(g) + O2(g) → 2NO(g) 
NO can be oxidised in the atmosphere to NO2. Again, the exact nature of the process is complex but the reaction can be summarised as: 
               2NO(g) + O2(g) → 2NO2(g)

The NO2 can then react with a hydroxyl free radical (HO•) to form   nitric(V)acid: 
NO2(g) + HO•(g) → HNO3(g) 
Other reactions can occur and the formation of nitric acid can also be shown as: 
4NO2(g) + O2(g) + 2H2O(l) → 4HNO3(aq) 
or 2NO2(g) + H2O(l) → HNO2(aq)  +   HNO3(aq) 
                         nitric(III) acid   nitric(V) acid

[bookmark: _Hlk82375366]Problems associated with acid deposition

Effect on vegetation
The acid (H+ ions) can displace metal ions from the soil that are consequently washed away (particularly calcium, magnesium and potassium ions). Mg2+ ions are needed to produce chlorophyll, so plants could be prevented from photosynthesizing properly. 
The acid rain also causes aluminium ions to dissolve from rocks, which damages plant roots and limits water uptake. This can cause stunted growth and thinning or yellowing of leaves on trees.

[bookmark: _Hlk82375460]Damage of aquatic life in Lakes and rivers
Aquatic life is sensitive to the pH falling below 6. Insect larvae, fish and invertebrates, among others, cannot survive below pH 5.2. 
Below pH 4.0 virtually no life will survive.  Al3+ ions in particular damage fish gills.

[bookmark: _Hlk82375482]Erosion of Buildings and structures made of limestone and marble. 
A typical reaction is: 
CaCO3(s) + H2SO4(aq) → CaSO4(s) + H2O(l) + CO2(g)

[bookmark: _Hlk82375496]Effect on human health
acids irritate mucous membranes and cause respiratory illnesses such as asthma and bronchitis. Acidic water can dissolve heavy metal compounds releasing poisonous ions such as Cu2+, Pb2+ and Al3+ which may be linked to Alzheimer’s disease.


[bookmark: _Hlk82375524]Methods of dealing with acid deposition 
Methods include: 
• improving the design of vehicle engines 
• using catalytic converters 
• removing sulfur before burning fuels 
• using renewable power supplies 
• making greater use of public transport 
• designing more efficient power stations 
• ‘liming’ of lakes – calcium oxide or hydroxide neutralises acidity: 
CaO(s) + H2SO4(aq) → CaSO4(aq) + H2O(l) 
  Ca(OH)2(s) + H2SO4(aq) → CaSO4(aq) + 2H2O(l)

[bookmark: _Hlk82375608]•Pre- and post-combustion methods of reducing sulfur dioxide emissions
To produce a more environmentally friendly fuel the sulfur can either be removed before the fuel is burnt (pre-combustion desulfurisation) or the SO2 can be removed after the fuel has been burnt (post-combustion desulfurisation). 
Hydrodesulphurization (hydrotreating) can be used – this involves heating crude oil fractions with hydrogen in the presence of a catalyst. This converts the sulfur to hydrogen sulfide (H2S), which can be removed from the reaction mixture by bubbling it through an alkaline solution.
Post-combustion methods are commonly used in coal-fired power stations and involve passing the exhaust gases from the furnace through a vessel where the sulfur dioxide can react with alkalis/bases such as calcium oxide, calcium carbonate or calcium hydroxide. Calcium carbonate reacts with sulfur dioxide to form calcium sulfite (calcium sulfate(IV)): 
CaCO3(s) + SO2(g) → CaSO3(s) + CO2(g)
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