
YOU WIll eXaMINe:

 ■ how some of the substances that 
dissolve in water can act as acids and 
bases

 ■ the potential sources of these acids and 
bases, both natural and as the result of 
human activity

 ■ alkalinity as a measure of a water 
body’s capacity to withstand sudden pH 
changes caused by acid input

 ■ how stoichiometry may be applied to 
reactions in solution

 ■ the dilution of solutions and calculations 
associated with this process

 ■ the use of acid–base titrations to 
analyse the concentration of acids and 
bases in water

 ■ how standard solutions can be prepared
 ■ the range of indicators available for 
acid–base titrations.

17 Analysing water for 
acids and bases

CHapteR

c17AnalysingWaterForAcidsAndBases.indd 374 25 May 2015 2:14 PM

To determine the concentration of an acid or a base in solution, 
a technique called titration is often used. One of the pieces of 
equipment used is a burette, which delivers an accurate amount of 
solution.
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Isn’t water neutral?
The answer to this question is yes — but also no!

While pure water has a pH of 7, normal surface water can have a pH anywhere 
between 6.5 and 8. For ground water (underground water), this can be as low as 6 
and still be considered normal, while sea water has a pH of 8.1. As we have already 
learned, water is an excellent solvent; therefore, virtually all the Earth’s water 
contains dissolved substances. Some of these are be dissolved in quantity while 
others only sparingly. It is this range of solutes that alters the pH of the water.

How is water made acidic?
Water can be made acidic by familiar inorganic acids such as hydrochloric, 
sulfuric and nitric acids, which can enter the water naturally and as contam-
inants. Natural sources such as volcanoes and lightning flashes produce small 
amounts of sulfuric and nitric acids and additional generation of these two 
acids as a result of human activity is the main cause of acid rain. Even so-called 
‘unpolluted’ rain is slightly acidic due to dissolved carbon dioxide from the 
atmosphere, making the weak acid, carbonic acid, H2CO3.

CO2(g) + H2O(l)  H2CO3(aq)

H2CO3(aq) + H2O(l)  H3O+(aq) + HCO3
- (aq)

In addition to the above sources, large number of salts can make water acidic. 
The expanded definition of acids and bases by Lowry and Bronsted explains 
how such salts can act as acids, thus affecting the pH of water. Often, such salts 
contain cations, which are the conjugate acids of weak bases. Ammonium salts 
containing NH4

+ ions are an example of this. In other cases, the anion may be 
amphiprotic but may react in water more easily as an acid than a base. For 
example, hydrogen sulfate ions can react in two ways:

as an acid: HSO4
-(aq) + H2O(l)  SO4

2-(aq) + H3O+(aq)
as a base: HSO4

-(aq) + H2O(l)  H2SO4(aq) + OH-(aq)

Because the acid reaction is ‘easier’ than the base reaction, salts containing 
hydrogen sulfate ions tend to make water acidic.

Certain metal cations can also make water acidic due to the behaviour of 
water molecules surrounding them. Aluminium ions and ions of transition 
metals such as iron, nickel and copper are good examples of these.

Finally, there is a wide range of organic materials, both natural and contam-
inants, that can act to make water acidic.

How is water made basic?
Many salts contain anions that react as bases in water. Often, such anions 
are the conjugate bases of weak acids. The carbonate ion, CO3

2-, which is 
the conjugate base of the weakly acidic hydrogen carbonate ion, HCO3

-, is a 
good example of this. Dissolved salts such as sodium carbonate and calcium 
carbonate therefore tend to make water basic.

Amphiprotic anions may play a role here as well. Hydrogen carbonate ions 
illustrate this point well. They can react with water in two possible ways: 

as an acid: HCO3
-(aq) + H2O(l)  CO3

2-(aq) + H3O+(aq)
as a base: HCO3

-(aq) + H2O(l)  H2CO3(aq) + OH-(aq)

In this case, the base reaction is ‘easier’ than the acid reaction, so the net effect 
is to make the solution basic.

Many organic acids are weak acids. If these have a chance to react to form 
their conjugate bases, dissolving the products of such reactions in water also 
contributes to raising the pH.

Water is made acidic when natural 
acids or acids that are generated by 
human activity dissolve in it.

Water is made basic when natural 
bases or bases that are generated 
by human activity dissolve in it.
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A knowledge of how to 
adjust pH levels is critical 
for effective swimming pool 
management.

Alkalinity
In the environment, such as in a stream, it is important that changes in pH are 
not too large and or happen too quickly. Th e pH of stream water is the net eff ect 
of all the substances that are dissolved in it. However, sometimes the addition of 
an acidic contaminant does not aff ect the pH as much as might be expected. Th is 
is because some of solutes in the water can act to resist changes in pH. Such sub-
stances are called buff ers. Calcium carbonate and calcium hydrogen carbonate 
are examples of such substances. If an acid enters water containing these ions, it 
reacts with them and is neutralised. It is only after all the ions have been removed 
that any subsequent acid is free to signifi cantly aff ect the pH. Th e higher the level 
of buff ers in the water, the more acid pollution the stream is able to withstand.

Sources of acids and bases found in water
Th e acids and bases found in water may come from a number of sources, both 
natural and as a result of human activity. Th ey may be regarded as normal or 
contaminants depending on the circumstances.

Some of these sources include:
•	 natural sources such as volcanoes and lightning. Th ese can produce sulfuric 

and nitric acids. Carbonic acid is formed as water dissolves carbon dioxide 
from the atmosphere.

<CAPTION TO COME>

Alkalinity is a measure of how well 
a body of water is able to withstand 
acid pollution.

Many chemicals that occur 
naturally and many made by 
human activity can make water 
acidic. Th ree natural substances 
are sulfuric, nitric and carbonic 
acids. Sulfuric and nitric acids 
are also made in extra amounts 
by human activity. Mining 
activities and industrial waste 
also contribute. Many rocks and 
minerals also contain acidic 
material that dissolves in water as 
it fl ows over them.UNCORRECTED P

AGE P
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•	 rocks and minerals. Many minerals can act as acids or bases when they 
dissolve in water. Depending on the geology of an area, surface water and 
ground water may be naturally acidic or naturally basic because of this. 

•	 decomposition of plant and animal materials, which can produce acids that 
dissolve in water

•	 burning coal and many other fuels, as well as the internal combustion 
engine, which produce sulfuric and nitric acids. Many fuels contain sulfur 
as an impurity, and the sulfur dioxide produced can ultimately form sulfuric 
acid. In car engines, the high temperatures produced combine nitrogen and 
oxygen from the air to form various nitrogen oxides. On exposure to water, 
these form nitric acid.

•	 waste water from mines and tailing sites. When sulfi de ores and coal are 
mined, the sulfur they contain comes into contact with oxygen and water. 
Oxidation of the sulfur, followed by dissolution in water produces sulfuric 
acid. An additional problem is that this acidifi ed water may then leach 
unwanted heavy metals from ores and rocks to cause further contamination. 

•	 industry. Examples include the iron and steel industries where processes 
such as galvanising and electroplating use large amounts of both hydro-
chloric and sulfuric acids. Acids are also used to make dyes and tan leather. 
Bases such as sodium hydroxide are used to refi ne petroleum and to make 
soap. Organic acids are used to make detergents, and organic bases are 
used to make pharmaceuticals and various herbicides. In every case, careful 
attention to detail must be followed to ensure that the release of waste water 
from such activities meets acceptable EPA guidelines. 

Reasons for analysing
Water needs to be at, or at least close to, an optimum pH for many of its uses. 
Knowing how much acid or base in is the water is important when its pH needs 
to be adjusted. Avoiding one problem could well cause another if the water is 
‘overadjusted’. 

Problems such as metal corrosion in plant equipment and the ability of fi sh to 
survive and reproduce are typical problems where water has become too acidic. 
Th e deposition of scale in pipes and cloudiness in water are typical problems 
caused by basic conditions. Owners of backyard swimming pools know that the 
eff ectiveness of their chlorine in sanitising the water depends on pH. If it is too 
high or too low, the chlorine is not be eff ective. Th e same applies to chlorine 
added to domestic drinking supplies. Many plants have optimum pH ranges 
for the soil in which they grow, which can be altered by the water used to irri-

gate them. Th ere are cases where the opposite applies — 
where undesirable growth occurs because an ideal pH 
environment has been inadvertently created. Mosquito 
larvae live within a pH range of 3.3 to 4.7, and a pH range 
of 7.5 to 8.4 is optimal for algal growth. Adjusting pH 
values away from these ranges may solve these issues. In 
all of these cases, an analysis of the water involved is a 
key fi rst step.

Another eff ect of incorrect pH can be synergy. Th is is 
where pH combines with one or more other factors to 
have an eff ect that is greater than the individual eff ects 
combined. For example, the presence of metals such 
as iron, aluminium, lead and mercury in water at the 
wrong pH can make the metals much more toxic than 
normally expected. Fish that can tolerate pH values as 
low as 4.8, for example, die at the more moderate pH of 
5.5 if the iron content of the water is a mere 0.9 ppm.

Water can be made basic by 
chemicals present in many rocks 
and minerals that dissolve as the 
water fl ows over them. Carbonates 
are typical examples of this. 
Pollution from industrial sources 
can be another source of bases in 
water.

<CAPTION TO COME>
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Analysing for acids and bases
Acids and bases are usually analysed using volumetric analysis. As the name 
suggests, volumetric analysis uses measured volumes involving solutions. If 
one of the solutions is of accurately known concentration, the concentration of 
a second solution may be determined using stoichiometry. The more accurately 
that volumes and known concentrations are determined, the more accurate 
is the determined concentration. Great care is therefore taken in how this is 
done. 

Although volumetric analysis is the technique of choice for many acid–base 
determinations, it can also be applied to other types of reactions that occur in 
solution. For example, many redox reactions are analysed using this method.

Before we look at the specifics of how volumetric analysis is performed, it is 
first necessary for us to examine how stoichiometry can be applied to reactions 
in solution.

Solution stoichiometry
When some solutions are mixed, chemical reactions may occur. Solution sto-
ichiometry, sometimes also called ‘concentration–concentration’ stoichiom-
etry, involves reactions in solution such as precipitation reactions and the 
neutralisation of an acid and a base to form water and a salt. Solution stoichi-
ometry uses the formula:

n = cV

to calculate moles of solute in solutions that may react or that may be pro-
duced. Solution stoichiometry problems can be solved in four steps:
1.  Write a balanced chemical equation for the reaction, identifying the known 

(given) and unknown (required) quantities of substance.
2.  Calculate the number of moles of the known quantity of substance present, 

using the formula n = cV.
3.  From the equation, find the molar ratio of known to unknown quantities 

in the reaction and use it to calculate the number of moles of the required 
substance.

4.  Calculate the quantity (i.e. concentration) of the required substance.

Sample problem 17.1

A solution of cloudy ammonia is analysed for its ammonium hydroxide con-
centration. A 20.00 mL sample is neutralised with 30.00 mL of 1.10 M hydro-
chloric acid. Find the molarity or concentration of the ammonium hydroxide 
in the cloudy ammonia.

Step 1

Write the equation, identifying the known and unknown quantities of 
substance.

NH4OH(aq) + HCl(aq)  NH4Cl(aq) + H2O(l)

  c1 = ? M c2 = 1.10 M

  V1 = 0.020  00 L V2 = 0.030  00 L

Step 2

Calculate the number of moles of the known quantity of HCl.

n(HCI) = c2 × V2

= 1.10 × 0.030  00

= 0.0330 mol

Volumetric analysis, which 
involves solutions of accurately 
known concentration and careful 
measurement of volumes, is a 
convenient method for analysing 
acids and bases in water.

Solution stoichiometry also uses 
the same steps as for mass–mass 
stoichiometry. The difference is 
that the formula n = cV is used for 
both the given and the required 
substances.

Solution:
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Step 3

Find the molar ratio from the equation and use it to calculate the number of 
moles of the required substance.

n(NH4OH) : n(HCl) = 1 : 1

 n(NH4OH) = n(HCl)

Step 4

Calculate the quantity (concentration) of the required substance.

c
n

V
(NH OH)

0.0330

0.020 00

1.65 M

4 = =

=

Revision questions

1. In an experiment to determine the concentration of a solution of hydro-
chloric acid, 15.5 mL of the HCl was neutralised by 25.0 mL of a 0.055 M 
solution of Na2CO3 in a conical fl ask.
(a) Write a balanced equation for the reaction.
(b) Determine the concentration of the hydrochloric acid.

2. What volume of a solution of 0.200 M potassium hydroxide, KOH, exactly 
neutralises 20.0 mL of a solution of 0.300 M hydrochloric acid?

3. What volume of a solution of 0.200 M potassium hydroxide, KOH, exactly 
neutralises 20.0 mL of a solution of 0.300 M sulfuric acid, H2SO4?

4. What volume of a solution of 0.200 M potassium hydroxide, KOH, exactly 
neutralises 20.0 mL of a solution of 0.300 M phosphoric acid, H3PO4?

5. Th e salinity of sea water can be measured by adding silver nitrate solution 
until all the chloride ions have been precipitated as silver chloride according 
to the equation:

 Ag+(aq) + Cl-(aq)  AgCl(s) 

 A 20.00 mL sample of sea water required 22.40 mL of 0.500 M silver nitrate 
solution to precipitate all the chloride ions from solution. Calculate the 
molarity of the sodium chloride in the sample.

Dilution
When a solution is diluted by the addition of more solvent (e.g. water), the 
number of moles of solute remains the same. Th e addition of water to a con-
centrated solution does not alter the number of moles or the mass of the solute 
in that solution.

After a solution has been diluted, the number of moles of solute remains the 
same. So, if n1 represents the number of moles of the initial or concentrated 
solution and n2 represents the number of moles of the fi nal or dilute solution, 
then we can say that:

n1 = n2

Using the equation n = c × V, we can write equations for n1 and n2 as follows:

n1 = c1 × V1 and n2 = c2 × V2

Since the values of n1 and n2 are equal, these equations can be combined to 
form the following formula:

c1 × V1 = c2 × V2

Clouds of condensed 
ammonia hide the surface of 
Saturn. On Earth, ammonia 
exists in gaseous form. 
Ammonia gas dissolved in 
water is called ammonia; it 
is a common ingredient in 
many kitchen and bathroom 
cleaning agents.

Dilution of a solution changes 
its concentration. As the volume 
increases with dilution, the 
concentration decreases: 
c1V1 = c2V2.
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Sample problem 17.2

What volume of 10 M stock hydrochloric acid is needed to prepare 250 mL of a 
2.0 M hydrochloric acid solution?

Step 1

Let c1 and V1 represent the quantities of concentrated solution and c2 and V2 
represent the quantities of dilute solution.

V1 = ? L V2 = 0.250 L

c1 = 10.0 M c2 = 2.0 M

Step 2

Calculate the quantity of 10 M HCl needed to produce the required dilution.

c V c V

V

V

10.0 2.0 0.250

2.0 0.250

10.0
0.050 L

50 mL

1 1 2 2

1

1

=
× = ×

=
×

=
=

Revision questions

6. Calculate the volume of stock solution needed to prepare 250 mL of a 2.15 M 
solution of hydrochloric acid (hydrochloric acid stock solution = 12 M).

7. Calculate the concentration (molarity) of 2.0 L of 2.0 M solution after 
dilution with 500 mL of water.

Th e following diagrams show how a 0.20 M K2Cr2O7 solution is diluted to 
0.04 M.

 

Step 1
Measure 20 mL of 0.20 M K2Cr2O7 into 
a pipette. Slowly add the K2Cr2O7 to a 
calibrated 100 mL fl ask.

20 mL

100 mL

Step 2
Rinse the pipette with water and also 
pour it into the calibrated 100 mL 
fl ask.

100 mL

Step 3
Stopper the fl ask and mix thoroughly, then add more H2O to the 100 mL mark. 
Th e original 0.200 M K2Cr2O7 has been diluted by a factor of 5, so the concen-
tration decreases by a factor of 5. You now have 100 mL of 0.0400 M K2Cr2O7.

Solution:
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Acid–base titrations
Titration is the experimental technique used for volumetric analysis.

Acid–base titrations are based on neutralisation reactions. Th ey are a type 
of volumetric analysis where the unknown concentration of a solution is deter-
mined by reacting it with a solution of known concentration. Th e solution of 
known concentration is called a standard solution and is prepared by dis-
solving an accurate amount of solute in water using a volumetric fl ask that is 
calibrated to contain the specifi ed volume. Th e standard solution is poured 
into a burette, which is used to deliver defi nite but variable volumes of liquid. 
In a titration, the volume of liquid measured by the burette is called a titre. Th e 
solution of unknown concentration is added to a conical fl ask using a pipette. 
A pipette is used to deliver a known volume of liquid, which is then called an 
aliquot.

The burette should be read at 
eye level to obtain an accurate 
reading.

(d)

burette
and stand

0 mL

50 mL

(c)

20 mL
pipette

(b)

conical
�ask

(a)

250 mL
volumetric �ask

Apparatus used in titration

A suitable indicator is added to the aliquot in the conical fl ask. Th e solution 
in the burette is slowly added to the aliquot until the indicator changes colour. 
Th is process is called titration. Th e point at which chemically equivalent 
amounts of acid and base (according to the equation) are present is called the 

Acid–base titration is an 
experimental method that 
uses specialised equipment to 
determine the concentration of 
a solution. A requirement is a 
solution of known concentration 
with which to react the solution of 
unknown concentration. Solutions 
whose concentrations are known 
accurately are called standard 
solutions.

Weblink
Acid–base simulation
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equivalence point. The point at which the indicator changes colour is called 
the end point and is usually about one drop after the equivalence point. Titres 
within 0.05 mL of each other are called concordant titres. Three concordant 
titres are needed to calculate the average titre.

A standard solution of hydrochloric acid is difficult to prepare because the 
concentrated form of hydrochloric acid produces fumes and there are dangers 
involved in trying to measure out a very accurate volume. For this reason 
hydrochloric acid is usually standardised with a known concentration of a 
suitable base. This involves a titration and allows accurate concentrations of 
hydrochloric acid to be determined. A standard solution of sodium carbonate 
is sometimes used as the base as its preparation is relatively easy.

Sample problem 17.3

1.33 g of anhydrous sodium carbonate is placed in a 250.0 mL (0.25 L) volu-
metric flask and water is added to the required mark.
 This standard solution is poured into the burette and titrated against a solu-
tion of hydrochloric acid whose accurate concentration is to be determined. It 
was found that a 20.00 mL aliquot of HCl required a Na2CO3 titre of 23.50 mL 
for complete neutralisation.
 Calculate the concentrations of:
(a) the standard solution of Na2CO3
(b) the HCl solution.

(a) Use =c
n

V
 to calculate the concentration of the standard solution.

=

=

=

=

=

n

c
n

V

(Na CO )
1.33

106
0.0155

(Na CO )

0.0155

0.2500
0.0620 M

2 3

2 3

(b) Write the equation for the reaction, use it to find the molar ratio, and then 
calculate the concentration of the solution.

Na2CO3(aq) + 2HCl(aq)  2NaCl(aq) + H2O(l) + CO2(g)

= ×
= ×
= × ×

= ×

= =
×

=

−

−

n c V

n

c
n

V

(Na CO )

0.0620 0.023 50

(HCl) 2 0.0620 0.023 50

2.91 10 mol

(HCl)
2.91 10

0.020 00
0.146 M

2 3

3

3

Therefore, the hydrochloric acid has a molarity of 0.146 M.

Sample problem 17.4

A solution of previously standardised sodium hydroxide was used to accurately 
determine the concentration of a sulfuric acid solution. An average titre of 18.56 
mL was required to neutralise 20.00 mL of 0.0927 M sodium hydroxide solution.
 Calculate the molarity of the sulfuric acid solution.

The equivalence point of a 
titration occurs when the acid and 
base are present in the correct 
stoichiometric proportions.

The end point of a titration occurs 
when the indicator changes colour. 
Indicators must be carefully 
chosen to ensure that this happens 
close to the equivalence point.

Solution:
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The equation for the reaction is:

H2SO4(aq) + 2NaOH(aq)  Na2SO4(aq) + 2H2O(l)

From this it can be seen that =n
n

(H SO )
(NaOH)

2
.2 4

n(NaOH) = cV = 0.0927 × 0.020  00 = 0.001  85

= =n(H SO )
0.00185

2
0.000 9272 4

= = =c
n

V
(H SO )

0.000 927

0.01856
0.0499 M2 4

The sulfuric acid therefore has a concentration of 0.0499 M (0.0499 mol L-1).

Sample problem 17.5

A factory is suspected of polluting a stream with hydrochloric acid from its 
waste water. To gather evidence, a sample of stream water was collected down-
stream from the discharge point. Back in the laboratory, a 20.00 mL sample of 
this water was titrated against a solution of sodium carbonate that had been 
accurately diluted to 0.0010 M; 17.52 mL was required.
 Assuming that the only acid in the sample was hydrochloric acid:
(a) calculate the molarity of hydrochloric acid in the sample
(b) calculate the concentration of the hydrochloric acid in g L-1, mg L-1 and ppm.

The equation is: 

2HCl(aq) + Na2CO3(aq)  2NaCl(aq) + H2O(l) + CO2(g)

(a) n(Na2CO3) = cV = 0.0010 × 0.017  52 = 1.75 × 10-5

n(HCl) = n(Na2CO3) × 2 = 1.75 × 10-5 × 2 = 3.50 × 10-5

= =
×

=
−

c
n

V
(HCl)

3.50 10

0.0200
0.001 75 M = 0.0018 M

5

The molar concentration of the hydrochloric acid is 0.0018 M.
(b) 0.001  75 M = 0.001  75 mol L-1

M(HCl) = 36.5 g mol-1

c(HCl) in g L-1 = 0.001  75 × 36.5 = 0.0639 g L-1 = 0.064 g L-1

c(HCl) in mg L-1 = 0.0639 × 1000 = 63.9 mg L-1 = 64 mg L-1

mg L-1 is the same as ppm, so the concentration of HCl is also 64 ppm.

Revision questions

8. (a)  Sodium oxalate, Na2C2O4, can be used to make a standard solution. 
Describe how this is done.

(b) If 3.183 g of sodium oxalate is dissolved in water in a 250 mL volumetric 
flask, find the concentration of the solution.

9.  (a)  1.461 g of dry sodium carbonate, Na2CO3, is dissolved in water in a 
250 mL volumetric flask.

   (i) Why can this be called a standard solution?
 (ii) Calculate the concentration of the solution.
(b) 20 mL aliquots of this solution were titrated with nitric acid, HNO3, 

three times. The average concordant titre was found to be 22.17 mL.
   (i)  Write the equation for the reaction of sodium carbonate with nitric acid.
 (ii) Find the concentration of the nitric acid.

Solution:

Solution:
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Standard solutions
As already noted, a standard solution is one whose concentration is accu-
rately known. Th ere are usually two methods by which a solution may have its 
concentration determined accurately:
1. by reacting it with another solution whose concentration is known 

accurately
2. by taking a substance called a primary standard and dissolving it in a 

known volume of water. Primary standards are pure substances that satisfy 
a special list of criteria.

To qualify as a primary standard, a substance must have a number of the 
following properties:
•	 It must have a high state of purity.
•	 It must have an accurately known formula.
•	 It must be stable. In other words, its composition or formula must not change 

over time. Th is can happen, for example, as a result of storage or reaction 
with the atmosphere.

•	 It should be cheap and readily available.
•	 It should have a relatively high molar mass so that weighing errors are 

minimised.
Note that this means that not all substances are suitable for use as primary 

standards.

Volumetric techniques
Successful volumetric analysis relies on accurate measurement of volumes and 
often, but not always, accurate knowledge of one of the initial concentrations. 
To this end, a number of very accurate volume-measuring pieces of equipment 
are used. However, their use is pointless unless the correct operating technique 
is practised. Correct use of some of the more common volumetric apparatus is 
outlined below.

The pipette
A pipette is used to deliver a fi xed volume of solution, called an aliquot. On 
each pipette is an etched mark above the bulb section. By drawing the liquid 
up above this mark, and then allowing it to drain down to it, the pipette delivers 
its specifi c calibrated volume.

Cleanliness is essential if consistent results are to be obtained. Before using 
the pipette, it should be rinsed with distilled water and then rinsed with a small 
portion of the solution it is about to contain. Th is ensures that the solution in 
use is neither contaminated nor diluted prior to being analysed.

To fi ll the pipette, a pipette fi ller should be used. Th is enables potentially 
dangerous solutions to be pipetted without the risk of the liquid being acci-
dentally drawn into the mouth. Th e operation of pipette fi llers varies from type 
to type.

Once the pipette is fi lled to the etched mark, the liquid is allowed to drain 
into the titration fl ask. Th is should be done by holding the jet of the pipette 
against the side of the fl ask and allowing the liquid to drain. After 15 seconds 
or so, a small amount of solution will still be present in the bottom of the jet. 
Th is should not be removed. Calibration of the pipette takes this small amount 
of remaining solution into account.

Common errors in using a pipette include:
•	 not keeping the tip of the pipette below the level of solution when fi lling. 

Th is causes the solution to rush up into the pipette fi ller and contami nation 
may result.

A primary standard is a substance 
that can be used to produce 
solutions with precisely known 
concentrations. Primary standards 
must have certain important 
properties. A secondary standard 
can be prepared by standardising 
it (measuring its concentration) 
against a primary standard.

Reading the level of liquid in a 
pipette

A small amount of solution 
should remain in the pipette if 
it is used correctly.
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•	 not reading from the bottom of the meniscus. In line with the usual pro-
cedure, pipettes are calibrated to the bottom of the curved liquid surface 
(meniscus).

•	 parallax error, caused by not lining up the etched mark at eye level.

The burette
Burettes are used to deliver a variable volume, termed a titre, to the titration 
fl ask. Th ey are marked with an accurate scale, which is usually calibrated to 
tenths of a millilitre. Common practice when reading these scales is to interp-
olate between these marks to obtain a reading to a hundredth of a millilitre 
(i.e. 2 decimal places). Simply by taking an initial reading, and then a fi nal one, 
the diff erence between them corresponds to the volume delivered.

As with pipettes, clean equipment is essential for accurate results and a 
burette should be prepared in the same way as a pipette. Th at is, it should fi rst 
be rinsed with distilled water, and then rinsed with a small portion of the solu-
tion it is to contain.

At this stage it is also a good idea to check that:
•	 the tap does not leak
•	 the tip is not blocked by a build-up of sediment.

If the burette appears to be satisfactory it should then be clamped vertically 
using a general purpose boss head and clamp, or a special burette clamp. Th e 
burette should then be fi lled with the desired solution. A small plastic funnel 
in the top should be used to prevent spillage. Besides being undesirable from 
a safety point of view, solution running down the outside may be added to the 
reaction fl ask without being measured, thus leading to error in the analysis. In 
most cases the solution is added until it is above the end of the scale and the 
funnel should then be removed. Th e tap at the bottom is then opened to drain 
the solution down until it is on the scale, and also to ensure that the jet of the 
burette is full. Note that the level of solution does not have to be exactly on the 
0.00 mark — all that is required is that it be somewhere on the scale so that a 
reading can be taken.

All readings on a burette should be taken from the bottom of the meniscus 
and should be to 2 decimal places. When reading the scale, many people fi nd 
that a piece of white paper held behind the scale is often of assis tance. As with 
any scale reading, the eyes should be level with the level of the liquid to avoid 
parallax error.

In use, the ‘left-hand turn — right-hand swirl’ technique should be adopted. 
Th is involves wrapping the fi ngers and thumb of the left hand around the jet 
and tap and using them to open and close the tap. Th is leaves the right hand 
free to swirl the fl ask as the solutions are mixed. Although a little awkward at 
fi rst, the technique is quickly mastered and is considered most suitable for this 
apparatus.

To help determine colour changes during a titration a white tile should be 
placed under the titration fl ask. When you get near the anticipated end point, 
the solution should be added dropwise from the burette until the required 
colour change is observed. To further ensure accuracy, a wash bottle should be 
kept nearby so that any liquid that splashes onto the sides of the titration fl ask 
as it is being swirled can be washed back down into the liquid bulk.

Volumetric fl asks
Volumetric fl asks are used when either making up a standard solution or accu-
rate dilution of an existing solution is required.

Preparation and use of volumetric fl asks and pipettes is very similar. Th ey 
are cleaned with distilled water and, once fi lled to an etched line, contain 
exactly their designated volume. However, an important diff erence is that, in 

Reading a burette scale

The ‘left-hand turn — right-
hand swirl’ technique

Volumetric fl asks are also called 
standard fl asks.
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filling, a volumetric flask is always filled to the mark from below. The volume of 
solution should never be allowed to go above the mark.

To make up a standard solution, the usual procedure is to:
•	 weigh out the required mass of solute in a special weighing bottle or small 

beaker
•	 transfer this to the volumetric flask using a dry funnel
•	 wash the weighing bottle and funnel a number of times, each time adding 

the rinsings to the flask
•	 add distilled water to approximately half the required volume, and then swirl 

to dissolve the solute
•	 add further distilled water until the bottom of the meniscus is level with the 

etched line on the neck of the flask
•	 shake to ensure that the concentration of the solution is uniform.

Indicators
The most important thing in acid–base titration is knowing when to stop. Acid–
base indicators are critical in identifying this point. These are substances that 
have different colours depending on the pH of their surroundings. A range of 
indicators exist so that an appropriate choice may be made for a particular 
titration. 

In an acid–base titration, the pH is not necessarily 7 at the equivalence point. 
If we remember that a conjugate acid and base are always formed in any acid–
base reaction, it is possible that these new acids and bases have an effect on 
the pH. Knowledge of this pH for a particular titration means that an indicator 
can be chosen that changes colour at (or close to) the correct pH. Table 17.1 
shows the details of some common indicators.

table 17.1 Some common acid–base indicators

Indicator
Colour at 
lower pH

Colour at 
higher pH

pH range for colour 
change

methyl orange red yellow 3.1–4.4

methyl red red yellow 4.2–6.3

litmus red blue 5.0–9.0

bromothymol blue yellow blue 6.0–7.6

phenolphthalein colourless crimson 8.3–10.0

Looking at this table it can be seen that, if we know the pH at the equiva-
lence point of a titration is 3.2, a suitable choice of indicator might be methyl 
orange. On the other hand, phenolphthalein would be probably not be 
suitable.

It should be realised that other factors may also influence the choice of indi-
cator. How quickly the pH changes at the equivalence point is one of these. 

Alternatives to indicators
Sometimes, the end point of a titration may be gauged in other ways that do 
not involve indicators. Some of these are by:
•	 using a pH meter and stopping at the correct pH
•	 doing a potentiometric titration. This uses two electrodes and measures the 

changes in voltage produced between them as the titration proceeds.
•	 measuring conductivity. If the product of an acid–base reaction is a precipi-

tate, the conductivity in the titration flask falls as ions are removed in the 
precipitate (remember that the other product of an acid–base reaction is 
water). As soon as all precipitation has finished, the conductivity increases 
again as excess ions are now added from the burette.

Acid–base indicators change 
colour over a narrow pH range. 
They allow us to stop a titration 
close to the equivalence point if 
they are chosen carefully.
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This volumetric titrator uses 
????? TO COME

Total alkalinity
Total alkalinity is an important environmental measurement for bodies of 
water such as rivers and lakes. As mentioned earlier in this chapter, it is a 
measure of how well such bodies are able to withstand pollution by acids.

Acid–base titration is used to measure total alkalinity. Water samples are 
titrated with a strong acid such as sulfuric acid. For technical reasons, a pH 
of 4.5 is chosen for the end point. Th e resultant calculation then predicts the 
amount of calcium carbonate that would have been present to consume the 
same amount of acid. Th e results are then quoted in terms of this. 

Th is provides an easy way of comparing changes in a body of water over 
time or to compare diff erent bodies of water.

Sample problem 17.6

Ten 1 L water samples were collected from diff erent locations in a lake and 
then mixed together. One litre of this mixture was then titrated with 0.05 M sul-
furic acid until the pH equalled 4.5. 15 mL of acid was required.

Calculate the total alkalinity of this water as mg L-1 calcium carbonate 
equivalent.

Calculate the mol of H2SO4 added: n(H2SO4) = cV = 0.05 × 0.015 = 0.000  75

Assume that CaCO3 was only base to react with this. Th e equation is:

H2SO4(aq) + CaCO3(aq)  CaSO4(s) + H2O(l) + CO2(g)

M(CaCO3) = 100.1 g mol-1

n(CaCO3) = n(H2SO4) = 0.000  75

m(CaCO3) = 0.000  75 × 100.1 = 0.075 g = 75 mg

As 1 L was the volume analysed, the total alkalinity was 75 mg L-1 (calcium 
carbonate equivalent).
Note: Th is result should not be interpreted to mean that calcium carbonate can actu-
ally dissolve to the level that is calculated. As has been mentioned already, calcium 
carbonate is virtually insoluble. It is a theoretical concentration that is representative of 
all the bases that are present in the sample.

Solution:
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Examining sources of error
In volumetric analysis, just as in gravimetric analysis, it is important to under-
stand the steps in a procedure and predict the effect on the final calculated 
result if the steps are not performed correctly. Table 17.2 shows some general 
areas in which mistakes could be made and what effects these mistakes have. 

Other situations can also give rise to mistakes when the properties of the 
chemicals involved are misunderstood. For example, a common method of 
standardising hydrochloric acid solution is to react it with a standard sodium 
carbonate solution. Solid sodium carbonate needs to be anhydrous to qualify 
as a primary standard. However, if it is left exposed to the atmosphere for too 
long, it absorbs moisture and begins to rehydrate. Should this then be used to 
make up a standard solution, not all the mass weighed out would be sodium 
carbonate, due to the presence of water molecules. The resulting solution of 
sodium carbonate is therefore lower in concentration, and the effect on the 
calculated concentration of the  hydrochloric acid would be an overestimation. 

table 17.2 Effect on the calculated result of some possible mistakes during volumetric analysis

Situation

Effect if substance under analysis 
is in the  .  .  .

Commentsburette titration flask

rinsing water left in 
burette

underestimated overestimated The burette solution is diluted with water, so 
more is used.

rinsing water left in 
pipette

overestimated underestimated The solution aliquot in the titration flask is 
diluted.

indicator chosen 
changes colour too soon

overestimated underestimated The choice of indicator can be critical.

water in titration flask no effect no effect All necessary measurements are made before the 
chemicals are mixed with this water.
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<SUMMARY TO COME>

Multiple choice questions
 1. Which of the following statements about water is 

not true?
a Sea water with a pH of 7 would be considered 

to have been acidified.
b Ground water with a pH of 6 would be 

considered to be normal.
C Surface water with a pH of 6 would be 

considered to have been acidified.
D Surface water with a pH of 5 would probably 

contain a lot of dissolved calcium carbonate.
 2. Ground water often contains a higher  

concentration of solutes than surface water.  
Which of the following would not be a reason for 
this?
a The solubility of particular solutes is always 

lower in surface water than it is in ground 
water.

b Ground water is in contact with rocks for long 
periods of time.

C Temperatures are often much warmer 
underground.

D Ground water moves very slowly through the 
rocks that store it.

 3. Which of the following acids is least likely to 
contribute to broad-scale acid rain?
a H2CO3
b HCl
C H2SO4
D HNO3

 4. Ethanoic acid, CH3COOH, is a weak acid. It is 
therefore expected that a solution of its sodium salt, 
sodium ethanoate, CH3COONa, has a pH:
a less than 7
b equal to 7
C greater than 7 but less than 14
D greater than 14.

 5. The hydrogen sulfite ion, HSO3
-, is amphiprotic. 

When it is dissolved in water, two reactions are 
possible:

  Reaction 1:  HSO3
-(aq) + H2O(l)  H3O+(aq)  

+ SO3
2-(aq)

  Reaction 2:  HSO3
-(aq) + H2O(l)  H2SO3(aq)  

+ OH-(aq)

  A solution of sodium hydrogen sulfite is found to 
have a pH of 4. From this it can be deduced that:
a reaction 1 > reaction 2
b reaction 2 = reaction 1
C reaction 1 < reaction 2
D reaction 2 > reaction 1.
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 6. A student dissolved 2.00 g of sodium hydroxide in 
1.00 L to produce solution A. The student then diluted 
100 mL of solution A with water to produce 1.00 L of 
solution B. A 10.0 mL sample of solution B was then 
diluted to 100 mL with water to produce solution C.

   What was the concentration of solution C?
a 0.500 M
b 0.0500 M
C 0.005 00 M
D 0.000 500 M

 7. What volume of 11 M hydrochloric acid is 
required to produce 2 L of 1 M acid when diluted 
with water?
a 91 mL
b 182 mL
C 600 mL
D 1838 mL

 8. Which of the following is a not requirement for a 
substance to be a primary standard?
a It must have a high state of purity.
b It must not be a danger to health.
C It must have an accurately known formula.
D It must be stable.

9. The end point in an acid–base titration is the point 
when:
a the solution is neutral
b the indicator changes colour
C equal volumes of reactants have been mixed
D reactants have been mixed in the appropriate 

stoichiometric ratio.
 10. The equivalence point in an acid–base titration is 

the point when:
a the solution is neutral
b the indicator changes colour
C equal volumes of reactants have been mixed
D reactants have been mixed in the appropriate 

stoichiometric ratio.
 11. The mass of potassium hydroxide, KOH, needed to 

produce 200 mL of a 0.25 M solution is:
a 0.050 g
b 2.8 g
C 50 g
D 2.8 kg.

 12. A solution containing 0.001 mol of HCl reacts 
exactly with:
a 10 mL of 0.1 M NaOH
b 10 mL of 0.01 M NaOH
C 1 mL of 0.1 M NaOH
D 1 mL of 0.01 M NaOH.

 13. The volume of 0.100 M H2SO4 required to react 
completely with 25.0 mL of 0.150 M NaOH 
solution is:
a 9.38 mL
b 18.8 mL
C 37.5 mL
D 75.0 mL.

 14. A student obtained the following titres during an 
analysis: 18.90 mL, 19.02 mL, 18.97 mL, 19.12 mL, 
18.98 mL.

   The average of the concordant titres is:
a 18.95 mL
b 18.99 mL
C 19.01 mL
D 19.07 mL.

Review questions
Acids and bases in the environment
 1. Normal rainfall has a pH of about 5.6. However, 

the lowest pH at which surface water can be 
considered normal is 6.5.
(a) Explain how rainwater becomes acidic.
(b) What must happen to rainwater after it hits the 

ground to change its pH?
(c) Rainfall in some parts of the United States has 

been measured at a pH of 4.3. What is the term 
given to such rainfall?

(d) Explain how the situation in part (c) might 
come about.

 2. Normal surface water may have a pH anywhere 
between 6.5 and 8.5. Explain why there is such a range.

 3. Using the internet or other suitable reference, find 
three naturally occurring rocks or minerals that 
would make water:
(a) acidic
(b) basic.

 4. Two factories, in two different locations, discharge 
acidic waste into nearby rivers. In many ways, such 
as volume and flow rates, these rivers appear very 
similar. However, for one location, the pH of the 
river downstream of the factory is significantly 
reduced, while for the other location there is 
virtually no change. Explain how this might be so.

Concentration of solutions
 5. Calculate the mass of solute in each of the  

following solutions.
(a)  300 mL of 1.5 M NaOH
(b)  250 mL of 2.0 M H2SO4
(c)  17.5 L of 1.5 M Na2CO3
(d)  200 mL of 2.5 M CuSO4·5H2O
(e)  120 mL of 1.7 M Mg(NO3)2

 6. Calculate the concentration (molarity) of solute in 
each of the following solutions.
(a)  250 mL of solution containing 17 g sodium 

bromide, NaBr
(b)  500 mL of solution containing 200 g magnesium 

sulfate, MgSO4
(c)  1.5 L of solution containing 1500 g magnesium 

nitrate, Mg(NO3)2
(d)  100 mL of solution containing 1000 g sodium 

phosphate, Na3PO4
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(e)  2.00 L of solution containing 500 g potassium 
carbonate, K2CO3

(f)  40.0 mL of solution containing 12.5 g 
aluminium chloride, AlCl3

 7. Calculate the concentrations of the following 
solutions.
(a)  4.0 g of sodium hydroxide in 200 mL of solution
(b)  12.6 g of sodium carbonate in 350 mL of 

solution
(c)  5.35 g of magnesium carbonate in 500 mL of 

solution
 8. Calculate the number of moles of solute needed to 

prepare:
(a)  30 mL of 0.10 M AgNO3
(b)  300 mL of 1.5 M Mg(NO3)2
(c)  230 mL of 0.40 M KCl
(d)  2.5 L of 0.2 M KNO3.

 9. Calculate the mass of solute needed to make each 
of the following quantities of solution.
(a)  250 mL of a 1.5 M sodium bromide, NaBr, 

solution
(b)  500 mL of a 1.75 M magnesium sulfate, 

MgSO4, solution
(c)  1.50 L of a 0.575 M magnesium nitrate, 

Mg(NO3)2, solution
(d)  100 mL of a 0.850 M sodium phosphate, 

Na3PO4, solution
(e)  2.00 L of a 0.005 M potassium carbonate, 

K2CO3, solution
(f)  40.0 mL of a 2.30 M aluminium chloride, 

AlCl3, solution
 10. How many grams of CH3COONa are obtained 

when 400.0 mL of a 0.500 M solution of 
CH3COONa is evaporated to dryness?

 11. What is the concentration of each of the following 
solutions?
(a) 58.5 g of H2SO4 dissolved in enough water to 

produce 2.00 L of solution
(b) 2.7 g of HCl dissolved in enough water to 

produce 500 mL of solution
(c) 4.04 g of KNO3 dissolved in enough water to 

produce 150.0 mL of solution
(d) 234 g of sodium chloride dissolved in enough 

water to produce 6.00 L of solution

Concentration of ions in solution
 12. Most common fertilisers contain nitrogen 

compounds. Ammonium nitrate, NH4NO3, is 
soluble in water and hence it is quickly taken 
up by the plant’s root system. If a 1.5 L bucket 
contains 150 g of ammonium nitrate calculate:
(a)  the concentration of the solution
(b)  the concentration of each ion in the solution.

 13. Aluminium chloride, AlCl3, is found in 
antiperspirants. A student wishes to do some tests 
on antiperspirant, so a jar of it is dissolved into a 

beaker containing 700 mL of water. The label on 
the jar states that it contains 200 g of aluminium 
chloride. Calculate:
(a)  the concentration of the solution
(b)  the concentration of each ion in the solution.

 14. Calcium hydroxide, Ca(OH)2, is found in plaster 
and cement, and is used in the treatment of 
drinking water. If the concentration of OH- in a 
solution of calcium hydroxide is 0.050 M, calculate 
the concentration of the calcium hydroxide.

 15. In an Fe2(SO4)3 solution the concentration of 
SO4

2- is 0.25 M. What is the concentration of 
solute?

Dilution
 16. Calculate the volume of stock solution needed to 

prepare the following.
(a)  500 mL of a 0.750 M solution of sulfuric acid 

(sulfuric acid stock solution = 18 M)
(b)  200 mL of a 2.5 M solution of ammonium 

hydroxide (ammonium hydroxide stock 
solution = 15 M)

(c)  350 mL of a 0.150 M solution of acetic acid 
(acetic acid stock solution = 18 M)

 17. Calculate the concentration (molarity) of:
(a)  100 mL of 0.1 M solution after dilution with 

10 mL water
(b)  16 mL of 0.20 M solution after dilution with 

4.0 mL water
(c)  750 mL of 1.50 M solution after dilution with 

150 mL water.
 18. What volume of water must be added to:

(a)  100 mL of 15 M H2SO4 to dilute it to 5.0 M
(b)  130 mL of 3.50 M HNO3 to dilute it to 1.00 M
(c)  170 mL of 2.60 M HCl to dilute it to 0.250 M?

 19. A student is required to make up 500 mL of 
0.1 M H2SO4(aq) by diluting a 0.5 M solution 
of the acid. What volume of 0.5 M H2SO4(aq) is 
required?

 20. What volume of water is needed to produce a  
2.00 M NaCl solution if 2.35 g of NaCl is present?

 21. A 3.50 g mass of MgCl2 is dissolved in 200 mL of 
water.
(a)  What is the concentration of the solution?
(b)  If 150 mL is added to the solution, what is the 

concentration of the new, diluted solution?

Solution stoichiometry
 22. Sodium chloride reacts with silver nitrate to give a 

white precipitate of silver chloride.
(a)  Write an equation for the reaction.
(b)  What volume of 2.0 M silver nitrate reacts with 

120 mL of 1.5 M sodium chloride?
 23. 50 mL of 1.2 M sulfuric acid was added to 30 mL 

of sodium hydroxide in order to neutralise it. Find 
the molarity of the sodium hydroxide.
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 24. An iron ore sample may be analysed by 
preparing an iron(II) ion solution of the 
ore, which is then reacted with acidic 
permanganate solution as in the given equation. 
If 15.0 mL of 0.0100 M MnO4

- solution is 
required to completely react with 10.0 mL of the 
Fe2+ solution, determine the concentration of the 
iron(II) ion solution.

MnO4
-(aq) + 8H+(aq) + 5Fe2+(aq)  

  5Fe3+(aq) + Mn2+(aq) + 4H2O(l)

 25. What volume of a 2.30 M solution of Na3PO4 is 
required to react completely with 560 mL of a 
3.25 M solution of Ca(ClO3)2, according to the 
reaction:

3Ca(ClO3)2(aq) + 2Na3PO4(aq)   
  Ca3(PO4)2(aq) + 6NaClO3(aq)

 26. What volume of 0.250 M HNO3 reacts completely 
with 280 mL of 0.200 M H2S according to the 
reaction:

2HNO3(aq) + 3H2S(aq)  
  3S(s) + 4H2O(l) + 2NO(g)

Acid–base titrations
 27.  The concentration of vinegar was determined by 

titration. 20.00 mL of vinegar required 43.20 mL of 
0.350 M sodium hydroxide according to the following 
equation. Find the concentration of the vinegar.

CH3COOH(aq) + NaOH(aq)  
  CH3COONa(aq) + H2O(l)

 28.  What volume of 0.460 M H2SO4 is required to 
neutralise 24.00 mL of 0.620 M NaOH?

 29.  1.365 g of anhydrous sodium carbonate, Na2CO3, 
was dissolved in 250.0 mL of water. 20.00 mL 
aliquots of this solution were titrated with nitric 
acid. An average titre of 21.95 mL was needed. 
Find the concentration of the nitric acid.

 30. A sample of water known to contain sodium 
hydroxide as the only base was analysed prior to 
discharge into a river. It was found that a 20.00 mL 
sample required 8.19 mL of 0.0100 M hydrochloric 
acid solution for neutralisation.
(a) Calculate the molar concentration of sodium 

hydroxide in the water sample.
(b) Express the answer from part (a) in g L-1.
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exam practice questions

In a chemistry examination you will be required to answer a number of short and extended 
response questions. Your answers will be assessed on how well you:

 ■ use your knowledge and the information provided
 ■ communicate using relevant chemistry terminology and concepts
 ■ present a logical, well-structured answer to the question.

Extended response questions
1.  Anhydrous sodium carbonate is often used to make standard solutions of sodium carbonate. 

Th is solution may then be used in acid–base titrations to calculate the exact concentration of 
acidic solutions.

 (a)  Calculate the mass of anhydrous sodium carbonate, Na2CO3, that is required to make 
500.00 mL of 0.0500 M solution. 3 marks

(b)  Exactly 25.00 mL of the solution from part (a) is reacted with hydrochloric acid. Th e 
equation for this reaction is:

    2HCl(aq) + Na2CO3(aq)  2NaCl(aq) + CO2(g) + H2O(l)

 It is found that 23.50 mL of the acid is required for exact neutralisation. 4 marks
 Calculate the molarity of the hydrochloric acid solution.

2. A company operates a batch process that uses sulfuric acid. At the end of each batch, the 
leftover acid must be diluted before it is released. Th e amount of water to be added to enable 
this dilution is carefully calculated following analysis of the leftover sulfuric acid in the batch 
liquid. 

 Th e terms of the discharge licence state that there should be no more than 1 g L-1 of sulfuric 
acid in the discharge water.

 A 25.00 mL sample of the batch liquid was accurately diluted to 250 mL in a standard fl ask. 
25.00 mL of this diluted sample was then titrated with 0.100 M standardised sodium hydroxide 
solution using a suitable indicator. An average titre of 18.52 mL was obtained.

 (a) Write the equation for the reaction between sodium hydroxide and sulfuric acid. 1 mark
 (b) Calculate the number of moles of sodium hydroxide that were added. 1 mark
 (c) From your answer to part (b), calculate the number of moles of sulfuric acid in the 

diluted sample. 1 mark
 (d) Hence, calculate the molarity of sulfuric acid in the diluted sample. 1 mark
 (e) Calculate the molarity of sulfuric acid in the undiluted batch liquid. 2 marks
 (f ) Calculate the molarity of the sulfuric acid that is allowed in the discharge water. 1 mark
 (g) Hence, calculate the number of litres of water that must be added to each litre of batch 

liquid to meet the terms of the discharge licence. Give your answer to 1 decimal place. 3 marks
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