PRACTICAL WORK

While they may not all wear white coats or work in a \
laboratory, chemists and others who use chemistry in
\g

their work carry out experiments and investigations to
gather evidence. They may be challenging established
chemical ideas and models or using their skills,

knowledge and understanding to tackle important
problems.

Chemistry is a practical subject. Whether in the ‘ @
laboratory or in the field, chemists use their prac

skills to find solutions to problems, challen

questions. Throughout this course y ill 4

develop and use these skills.

&
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Your practical skills will be assessed in the written
examinations at the end of the course. Questions on
practical skills will account for about 15% of your
marks at AS and 18% at A-level. The practical skills
assessed in the written examinations are:

» solve problems set in practical contexts

» apply scientific knowledge to practical contexts

www.shutterstock.com -

106873664

Figure 1 Most chemists and others who use chemistry in their
spend time in laboratories. Many also use their practicakSkills
of a laboratory.

scientific methods

» comment on experimental de@va:uate

» present data in appro

a ays
» evaluate results and condusions with

reference to mg

?» identify v,
controll

Jot\Qmd interpret graphs

» cess and analyse data using appropriate
athematical skills

» consider margins of error, accuracy and precision
of data

notebooks. They also recor
computers and tablets.

) knovx@nd w to use a wide range of
n

erst
expEri &practical instruments, equipment
andStéch es@ppropriate to the knowledge and
di

under: included in the specification

www.shutterstock.com -

104161340

Figure 3 You will need to use a variety of equipment correctly and
safely.

Throughout this book there are questions and longer
assignments that will give you the opportunity to
develop and practise these skills. The contexts of some
of the exam questions will be based on the ‘required
practical activities.
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Assessment of practical skills

ASSESSMENT UF PRACT|CAL SK”_LS e a solid product by recrystallization

e aliquid product, including use of

Some practical skills, such as handling materials and separating funnel

equipment and making measurements, can only be
practised when you are doing experiments. For A-level, » Use melting point apparatus
these practical competencies will be assessed by »

i o Use thin-layer or paper chromatography
your teacher when you carry out practical activities:

. » Set up electrochemical cells and measurij €
» follow written procedures

» Safely and carefully handle solids and_li

» apply investigative approaches and methods when

o ; including corrosive, irritant, flamny C
using instruments and equipment substances
} safely use a range of practical equipment and » Measure rates of reaction b least'tWo different

materials methods, for example:

» make and record observations and measurements

e an initial rate meth@® s a clock reaction

?» research, reference and report findings e 2 continu3

You must show your teacher that you consistently and
routinely demonstrate the competencies listed above
during your course. The assessment will not contribute
to your A-level grade, but will appear as a ‘pass’
alongside your grade on the A-level certificate.

These practical competencies must be demonstrated
by using a specific range of apparatus and
techniques. These are:

» use appropriate apparatus to record a range o
measurements (to include mass, time, v
liquids and gases, temperature)

» use a water bath or electric heate n fo

heating www.shutterstock.com - 163831265

» measure pH using pH ch H n@éter, or pH F;'Igurg 4 ?ﬂang chemists ana/y/se mater/a//; They are called analytical
probe on a data logger, chemists. Titration is a commonly used technique.

» use laboratory ap t88¥or aWariety of
experimental t es including:

e titration, u buretée and pipette

ating under reflux, including
sware using retort stand

ive tests for ions and organic
unctional groups

e filtration, including use of fluted filter paper, or
filtration under reduced pressure

» use a volumetric flask, including accurate technique
for making up a standard solution www.shutterstock.com - 50179963

» Use acid—base indicators in titrations of weak/ Figure 5 pH probe

strong acids with weak/strong alkalis . .
For AS, the above will not be assessed but you will

» Purify: be expected to use these skills and these types of
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apparatus to develop your manipulative skills and 10. Preparation of:

your understanding of the processes of scientific « a pure organic solid and test of its purity
investigation. S
e a pure organic liquid
11. Carry out simple test-tube reactions to identify
transition metal ions in aqueous solution

12. Separation of species by

During the A-level course you will need to carry out i
thin-layer chromatography

twelve required practical activities. These are the
main sources of evidence that your teacher will use to
award you a pass for your competency skills. If you are
doing the AS, you will need to carry out the first six in
this list.

1. Make up a volumetric solution and carry out a
simple acid—base titration

2. Measurement of an enthalpy change

3. Investigation of how the rate of a reaction
changes with temperature

4. Carry out simple test-tube reactions
to identify:
e cations — Group 2, NH4 +
e anions — Group 7 (halide ions), OH-,
CO4?-,S0,*-

tion about the apparatus, techniques and
is of required practicals 1 to 6 are found in the
relevant chapters of this book, and 7 to 12 in Book 2.

5. Distillation of a product from a reaction

6. Tests for alcohol, aldehyde, alkene and
carboxylic acid

You will be asked some questions in your written

examinations (Paper 2 at AS and Paper 3 at A-level)

* by an initial rate method about these required practicals.

e by a continuous monitorin

7. Measuring the rate of reaction:

Practical skills are really important. Take time and
8. Measuring the EMF of a ical cell care to learn, practise and use them.

9. Investigate how pH weak acid
reacts with a stron when a strong
acid reacts wit
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PRIOR KNOWLEDGE

You may know that substances are made from atoms
and that an element is a substance made from just
one sort of atom. You will probably have learnt that an
atom consists of a nucleus, made up of protons a
neutrons, with electrons moving around it in shells

(or energy levels). You may also know about relati
electrical charges and masses of protons, neutro

and electrons.

LEARNING OBJECTIVES

on these
d models

In this chapter, you will reinforce @md b
ideas and learn about mo, & is
of atoms.

(3.1.1.1, 3.1.1.245Q1 .3)

206093 AS Chemistry A-Level_Ch1.indd 1

NASA’s Curiosi
on Mars in Augus

ver land the Gale Crater
12. Its math mission was to
has ever possessed the
ions that could support life,
t about Martian climate and
iosity Rover contains an on-board science
with a sophisticated range of scientific
in efts. Many of these instruments have been
speciafly designed for the mission.

The task of the on-board mass spectrometer is to
Investigate the atoms that are the building blocks of
life — carbon, hydrogen, oxygen, phosphorus and sulfur.
The spectrometer is making precise measurements

of the carbon and oxygen isotopes found in carbon
dioxide and methane from the atmosphere and the
soil. After one Martian year (687 Earth days) of the
mission, scientists have concluded that Mars once had
environmental conditions favourable for microbe life.
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1 ATOMIC STRUCTURE

1.1 EARLY IDEAS ABOUT THE COMPOSITION
OF MATTER

The nature of matter has interested people since the
time of the early Greeks. The ideas you have learnt
about atomic structure resulted from the work of
many people over many centuries. Here are some

of the major events since 460BCE that led to our
understanding of the atom.

Evidence for atomic structure

4£60—-370BCE, Democritus

The Greek Philosopher Democritus proposed that
matter was made up of particles that cannot be
divided further. They became known as atoms from
the Greek word atomos, meaning ‘cannot be divided’.

His ideas were based on reasoning — you cannot keep
dividing a lump of matter for ever.

384—322BCE, Aristotle

Aristotle was another ancient Greek philosopher, who
proposed that all earthly matter was made from four
elements: earth, air, fire and water. These elements
have their natural place on Earth and when they are
out of place, they move. So, rain falls and bubbles of
air rise from water.

A tree grows in the earth, and it needs water and
So, a tree is made from earth, water and air, C
analyse most matter in this way.

1627-1691, Robert Boyle

Robert Boyle was a Fellow of the 0 of
London. His scientific ideas inglu eotion that
matter is made up of tiny idgfitica es that

cannot be subdivided. T
‘mixt bodies’ (we now ¢
the particles toge
compounds. Part
but free to
particles

particles made up
pounds). Putting
nt ways made different

em

de soli@ls solid.

negatively charged particles

Boyle studied the nature and behaviour of gases,
especially the relationship between volume and
pressure. His theory of matter supported his
experimental observations. He was the first scientist
to keep accurate records.

1766—1844, John Dalton
John Dalton was an English chemist and physicist,
named the tiny particles atoms. His scientific ide
was that atoms are indivisible and indestructibie

He studied the physical
This led him to analyg
methane (carbure
theory explain
150 y; fl

| ethene (olefiant gas),
geM) and others. His atomic
| analysis. He summed up

S atomic theories.

S Wi

gen Goldstein
hysicist Eugen Goldstein’s scientific idea

a magnetic field. Goldstein also detected heavier
positive particles.

He experimented with electrical discharge tubes — he
passed an electric current between a cathode and

an anode in a sealed tube containing gas at a very
low pressure. He adapted his experiment, inserting a
perforated cathode, as in Figure 1.

1856—-1937, Joseph John Thomson
Thomson’s idea was that atoms contained electrons.
He proposed that atoms could be divided into smaller
particles. Electrons have very small mass, about one
two-thousandths of the mass of a hydrogen atom.

positively charged particles

glass tube forming cathode rays forming canal rays
+
anode gas at very low pressure - perforated cathode

Figure 1 An electrical discharge tube with a perforated cathode as used by Goldstein

2
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Early Ideas About the Composition of Matter

9\
9 9
B o o
@

o 4

many electrons with
negative charge

negative and positive
charges cancel out

spherical cloud of
positive charge

Figure 2 Thomson's plum pudding model of the atom

1 The metal cathode is heated, and energetic electrons
leave its surface as negatively charged cathode rays.

2 The rays travel from the cathode towards the anode.

3 A small beam passes through
the centre hole of the anode.

varying angles.

—

4 Plates produce a varying electric field!
As the beam passes between the
plates, the field deflects it at

e

s
N\

anode

o
high voltage source

glass

Figure 3 Cathode ray tubes used to be used igtelevi:

is cancelled out by a sphere of p
material, as in Figure 2.

Thomson measured the d
particles in cathode r
calculated their m
were the foreru

televisions apd

&de ray tubes he used
rs o cathode ray tubes used in
iors (Figure 3) before the advent

Tho pf the atom became known as the
‘pluf puddimg” model.

37, Ernest Rutherford
Fro ork carried out in Manchester with his

earch students Hans Geiger and Ernst Marsden,
Ernest Rutherford put forward the idea that the mass
of the atom is not evenly spread. It is concentrated
in a minute central region called the nucleus.
Rutherford calculated the diameter of the nucleus to
be 10~ 14 m.

All the positive charge of the atom is contained in
the nucleus.

5 The beam reaches
phosphor-coated s&g€en.

near-vacuum
phosphor coating

puters before flat screens.

The electrons circulate in the rest of the atom, being
kept apart by the repulsion of their negative charges.

These findings came from the interpretation of the
results that are given in Figure 4.

Alpha particles are deflected when they pass close to the
nucleus, while the very few that actually hit the nucleus are reflected

tiny positive nucleus
‘cloud’ of  [~gold atom

electrons
1

positively charged

alpha particle

o

I
I
1
r

alpha particle
passes straight
through

® OO @

alpha particle
is reflected

Figure 4 Deflection of alpha particles by gold foil
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1 ATOMIC STRUCTURE

screen emits a flash when
an alpha particle strikes it

slightly deflected

alpha particles .
undeflected particles:

sometimes a particle most take this route
is deflected through

nearly 180° III
N 4
||I| ,

7
N
1 >
A gold foil about
7 2000 atoms thick
« _»~——Dbeam of

alpha particle
source (radium)

V‘Zlead shield to

confine radiation

alpha particles’

Figure 5 Rutherford's experiment: the deflection of alpha pa"c/es ugh go,

X‘ames Chadwick

tified the neutron. Neutrons have no
ge. They have the same mass as a proton.

e

0

1888-1915, Henry Moseley and
Ernest Rutherford

Moseley and Rutherford’s idea was that the nucleus
contained positively charged particles called
protons. The number of protons (the atomic numb
corresponds to the element’s position in the Peri
Table. Protons make up about half the mas

the nucleus.

barded a beryllium plate with alpha particles
roduced uncharged radiation on the other side
of the plate. He placed a paraffin wax disc (which
contains many hydrogen atoms) in the path of the
radiation and showed that the radiation caused
Moseley studied X-ray spectra of elemg@nts. protons to be knocked out of the wax (Figure 6).

Mathematically, he related the freque of t

X-rays to a number he called th ber. 1885-1962, Niels Bohr

This corresponded to the el ion in the Bohr’s scientific idea was that electrons orbit the
Periodic Table. Sadly, Mos W. in action nucleus in energy levels. Energy levels have fixed energy
at Gallipoli in World W herford’s further values — they are quantised. Electrons can only occupy
calculations showed th arge the nucleus, the these set energy levels.

positive charge. | ired alpha particles at
hydrogen gas an ed positive particles, which
he called p ) culations also showed that
the mass afi the tons only accounted for half the

mass cl

Bohr studied emission spectra and produced
explanations that incorporated the ideas of Einstein
and Planck. Electrons orbited the nucleus in

energy levels, where each energy level has a fixed
energy value.

alpha particle source beryllium paraffin wax

alpha particles uncharged neutrons protons

< > ./

charged particle detector

Figure 6 Chadwick's experiment

A
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Relative Mass and Relative Charge of Subatomic Particles

The electrons are kept apart

/_ by their negative charge.
® protons 74
neutrons / ﬁ nucleus
" electrons /

/ Nuclear binding forces allow

protons to be close together.

Figure 7 This diagram summarises the model of the atom that scientists often use nowadays.

e is 1 and that of a neutron is 1q8he mass of
the electron is 5.45 x 10

QUESTION ) )
Charges on subatomic p also given relative to

one another. A proton has @ ve charge of + 1 and
an electron has ative char@@of — 1. A neutron has
no charge. Th ons together are called
nucleons. nucleus do not repel each

1. Aristotle’s theory of earth, fire, air and
water lasted for about 2000 years and
was a major setback to ideas about atomic
structure. Why did it last so long?

other b g nuclear force acts over the small
2. What evidence led to the discovery of: oftlle nucl nd binds all the nucleons together.
a. the electron c f any element are neutral, the number
b. the nucleus ofLotom® (positive charge) must equal the number
c. the proton ofe ons (negative charge). The atoms of all

elements, except hydrogen, contain these three
undamental particles.

d. the neutron?
3. Why was the neutron the last major
subatomic particle to be discovered?

Stretch and challenge

4. Describe how ideas about
changed from 1897 to 19

1.2 RELATIVE MAQPA
OF SUBAT

Further exg 1
charges o @
sum AR )

Bec&bise th@values for mass are so small, the idea of

tS@stablished the masses and
electrons and neutrons. These are

t ass is used. The relative mass of a proton
rticle Mass/kg Charge/C Relative mass Relative charge
Electron 9.109 x 10-3! 1.602 x 10-19 5.45 x 10-% -1
Proton 1.672 x 10-27 1.602 x 10-19 1 +1
Neutron 1.674 x 10-27 0 1 0

Note: The mass of the electron is so small compared to the mass of the proton and neutron that chemists often take it to be zero.

Table 1 The fundamental atomic particles, their mass and charge
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1 ATOMIC STRUCTURE

1.3 WORKING WITH VERY SMALL AND VERY
LARGE NUMBERS

Working with very small numbers can be confusing.
To help avoid this, scientists use standard form

and standard prefixes when communicating their
numerical work.

Standard form

Numbers with many zeros are difficult to follow, so
scientists tend to express these in standard form.
Standard form is a number between one and 10. So,
how is the number 769000 expressed in standard
form?

» Locate the decimal point: 769000.0

» Move the decimal point to give a number between
1 and 10: 7.69000

» Multiply the number by ten raised to the power x
where x is the number of figures the decimal point
was moved: 7.69 x 10°

Sometimes the decimal point may move the other way.

Take the mass of the electron (0.000545 units) as
an example.

?» Find the decimal point and move it. This time it
goes to the right: 00005.45

» Multiply the number by ten raised to thejpo
X, where x is the number of figures the d al
point was moved. But, this time, the i Wi
negative: 5.45 x 10-4

Calculations using standard

Standard form makes multipli€ati nd division of

mu
standard form, you

even the most complex n
When you multiply two

be

6% 10°
tandard form, you divide

(3 x 103 x (2
If you dividg

Uni

and standard prefixes
ce is based on observations and measurements.
When making measurements it is essential to use the
correct units.

Again, to make numbers more manageable, scientists
use prefixes that usually have intervals of a thousand.

6

asier to handle.

the'indices. For example:

For example, attaching preferred prefixes to the unit
metre, you have kilometre, millimetre and nanometre.
But other intervals can be used if they are convenient
for the task in hand.

A system of prefixes is used to modify units. Prefixes
that are commonly used are listed in Table 2.

Prefix =~ Symbol Multiplier Meaning
mega M 106

kilo K 103

deci d 10-1

centi c 10-2

milli m 10-3

micro Y

nano n

pico p

Table 2 S‘nda

asurement. So, for example, a measured mass of:

3.4 g (two sig figs) means you are confident to the
nearest 0.1 g

3.40 g (three sig figs) means you are confident to the
nearest 0.01 g

3.400 g (four sig figs) means you are confident to the
nearest 0.001 g.

Worked example 1

Using data from Table 1, calculate how many electrons
have the same mass as a nucleus containing one
proton and one neutron.

mass of nucleus = (1.672 x 10-27) + (1.674 x 10-27)

number of electrons with the same mass

_(1.672x1077)+(1.674 x1077)
- 9.109x107%

answer given on calculator = 3673.290153

Since the mass of each particle is given to four
significant figures, the answer must contain no more
than four significant figures. The answer must be
rounded up or down. The answer is 3673 electrons.
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Working with Very Small and Very Large Numbers

Remember:

» Do not round calculations up or down until you
reach the final answer because errors can be
carried through.

Fact

» The answer to a chemical calculation must not have
more significant figures than the number used in
the calculation with the fewest significant figures.

(Maths Skills 0.0, 0.1, 0.2, 0.4, 1.1)

Example

all non-zero digits are significant

275 has three sig figs

zero between non-zero digits is significant

205 has three sig figs

zero to the left of the first non-zero digit is not significant

301 has three sig figs, 0.31 has twi

numbers ending in zero to the right of the decimal point: the
zero is significant

2.9 has two sig figs, 2.90 has,

numbers ending in zero to the left of the decimal point: the
zero may or may not be significant

amass of 840 g
+10 g, and three

balance is accurate to
ceisaccurateto £1g

Table 3 Significant figures

(MS 0.0,0.1,0.2; PS 1.1, 1.2, 3.2)

A single carbon atom measures about one
ten-billionth of a metre across, a dimension so
that it is impossible to imagine. The nucle
thousand times smaller again, and the e
hundred thousand times smaller t h

s@@ntists do not use grams and metres to describe
atoms and subatomic particles. They use a different
et of units.

You have already come across the idea of relative
masses. Protons and neutrons both have a relative
mass of one. We say these have a mass of one
relative mass unit. The electron is a mere 0.000545
relative mass units. Clearly, even with relative
masses you have some awkward numbers.
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Give yBur answers to the appropriate number

of significant figures, and in standard form
here appropriate.

A1. a. An atom of hydrogen contains only a
proton and an electron. Calculate the
mass of the hydrogen atom in kilograms.

b. A molecule of hydrogen contains two
atoms. Calculate the mass of a hydrogen
molecule in grams.

¢. How many electrons have the same mass
as a single neutron?

A2. Convert these quantities into measurements

in grams expressed in standard form:

a. The mass of a neutron

b. 200 million electrons

c. 10 gold coins weighing a total of 0.311 kg

A3. A uranium atom contains 92 electrons.
Calculate the mass in kilograms of protons

in the atom.

A4. How many times heavier is the nucleus
of a helium atom (two protons and two

neutrons) than its electrons?

4/115 12:18 AM



1 ATOMIC STRUCTURE

1.4 ATOMIC NUMBER, MASS NUMBER
AND ISOTOPES

Different elements have different numbers of
electrons, protons and neutrons in their atoms. It is
the number of protons in the nucleus of an atom that
identifies the element. Remember that if an atom
forms an ion by gain or transfer of electrons, it is still
an ion of the same element. An atom can also have
one or two more or fewer neutrons can also lose or
gain one or two neutrons and still remain the same
element. Using this information, you can define an
element using two numbers: the atomic number and
the mass number (Figure 9).

Atomic (proton) number (Z). The atomic number
of an element is the number of protons in the nucleus
of the atom. It has the symbol Z and is also known

as the proton number. Its value is placed below the
line in front of the element’s symbol. Since atoms are
neutral, the number of protons equals the number of
electrons orbiting the nucleus. All atoms of the same
element have the same atomic number.

1
- ) @
Mass number
hydrogen The mass number is equ the

the

number of protons (2) pl
i ato

number of neutron i
It is given the sy

4
o .He
/ (Atomi mb
The at numbBegr is equal to the
helium gr off@rotons in an atom (and
erefoR@th&®umber of electrons).
is givefithe symbol Z.
oy 7.
cO 5L

Mass number and

atomic number are

linked by the equation
lithium A=Z+n

Figure 8 Mass number and atomic number

8

Mass number (A). The mass number of an element
is the total number of protons and neutrons in

the nucleus of an atom. It is a measure of its mass
compared with other types of atom. Even in heavy
atoms, the electron’s mass is so small that it makes
little difference to the overall mass of the atom.
Protons and neutrons both have a mass of 1, so:

mass number (A) = number of protons (Z) + nung

of neutrons (n)

%

A=Z+n
The symbol for the mass number is A, its
value goes above the atomic nu f] of the
element’s symbol.
You can calculate the er of n sin the

nucleus using:

number of negtron

)

ass number (A) —
atomic number (2).

OW many protons, neutrons and electrons
o the following atoms and ions have?

An element with mass number 19 and
atomic number 9.

a.

b. An element with mass number 210 and

atomic number 85.

. An ion with one positive charge, a mass
number of 23 and atomic number 11.

. An ion with three negative charges,
a mass number of 31 and atomic
number 15.

. An ion with three positive charges, a
mass number 52 and atomic number 24.

Isotopes

All atoms of the same element have the same number
of protons and the same atomic number, Z. However,
they may have a different number of neutrons and

so a different mass number, A. Atoms of the same
element with different mass numbers are called
isotopes. Nitrogen has two isotopes, 'sN and 5N .
Both isotopes have seven protons, but '4N has seven
neutrons and 5N has eight neutrons. The notation
for an isotope shows the mass number and the
atomic number:
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Atomic Number, Mass Number and Isotopes

mass number —————— 12 This is also
Carbon written as
atomic number 6 carbon-12

The isotopes of carbon and their sub-atomic particles
are summarised in Table 4.

Properties of isotopes

The chemical properties of an element depend on the
number and arrangement of the electrons in its atoms.
Since all the isotopes of an element have the same
number and arrangement of electrons, they alsgfall
have the same chemical properties. However, b

of the difference in mass, isotopes differ slightly

Name No. of No. of No. of
protons neutrons electrons
carbon-12 &) 6 6 6
et?
carbon-13 gt ) 6 7 6 1.07
carbon-14 '/*.',tl\: 6

Table 4 [sotopes of carbon

in their physical properties, such as in the rate of
diffusion (which depends on mass), and their nuclear
properties, such as radioactivity.

Isotopes that are not radioactive, such as chlorine,
and chlorine-37, are called stable isotopes. Da

books give you the relative abundance of eachgiso
present in such stable, naturally occurring @ Il

Relative abundance of isotope

The percentage of each isotope thiat naturaioccurs

on Earth is referred to as its rel e isgtopic

abundance. Most eleme es. Chlorine
ny sample of

has two isotopes, f?Cl l
rin Qi

naturally occurring tain 75.53% of

chlorine-35 and( of chlorine-37.

8 \ 10710
g b

n W three isotopes: ;H, H (called
eri and 3H (called tritium). Elements that occur
ins may contain different percentages of isotopes.
These percentages are called its isotope signature.

KEY IDEAS

» The atomic (proton) number Z is equal to the
number of protons in the nucleus.

» The mass number A is equal to the number
of protons plus the number of neutrons in
the nucleus.

?» |sotopes of an element have the same number of
protons but different numbers of neutrons.

ACT:
70.1; PS 1.1, 1.2, 3.2)

Huf®an beings have long been obsessed with the
idea that life might exist or have existed on Mars,
one of the closest planets to Earth. In 2003 the
European Mars Express detected methane gas,
CH,. We use methane to heat our homes and

for cooking food. On Earth, 90% of all methane
comes from living things, such as the decay of
organic material. This is how the gas in our homes

ASSIGNMENT 2: ISOTOPE DETECTIVE

originated. The remaining 10% was produced from
geological activity.

The big question is: ‘What is the origin of the
methane gas on Mars?’. Perhaps it was formed

by the decay of organic material billions of years
ago. Or maybe it is being given off by present-day
microbes that exist under the surface in areas
heated by volcanic activity. Alternatively, was the

(Continued)
9
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1 ATOMIC STRUCTURE

Figure A2 Nili Fossae, one of the regions on Mars emitting
methane. Are the plumes of methane gas evidence for life on Mars?

methane gas a result of geological processes? The
answer may be found in isotopes.

Carbon has three isotopes: carbon-12, carbon-13
and carbon-14. Their abundances on Earth are
given in Table A1.

Hydrogen has two naturally occurring isotopes:
hydrogen-1, which has a 99.9885 % abundance
on Earth and hydrogen-2, which has a 0.01115%
abundance. (The other hydrogen isotope,
hydrogen-3, is not naturally occuring. It is prod
in nuclear reactors.)

Chemical reactions involve electrons an e
presence of extra neutrons in isotopeg§does

affect these reactions. So, methane m@kecule

may contain a mixture of thes pes.
The three most common meth ol€cules are
formed when one carbon co with four
hydrogen-1 atoms, o f carbon-13 combines
with four hydrogen-1 s, al@l when one atom of

i i ree hydrogen-1 atoms
hese can be written as:

12CH,, "*CH, and "2CH;D respectively. (D stands for
deuterium, which is the name given to hydrogen-2.)

Methane Natural percentage

formula abundance on Earth

12CH, 0.99827

U=, 0.01110

‘ZCH3D 0.00062
Table A1 The isotopic signature of naturally occurring o
on Earth

When scientists determine the isotopi nature

of Martian methane, they can coj that
on Earth. They may be a step eciding its
origin.
Questions
A1. What are thef@t: umbers and mass

nu

%bers :

iSO s of carbon

& of hydrogen?
rbon-14 ignored in possible
methane formulae?

hat is the difference in mass between

CH, and 13CH4?

A4. What is the difference in mass between
12CH, and '2CH,D?

A5. Which form of methane is most common
and why?

A6. Suggest a formula for an extremely rare
type of methane.

A7. When scientists compare the isotopic
signature of Martian methane with that on
Earth, what assumptions are they making?

Figure 9 Athletes undergo drugs tests during training and
competition. Any found using performance enhancing drugs face
bans from the sport.

10

Performance enhancing drugs are illegal in most
sports and most organisations use drug tests to
ensure the competition is fair. An athlete may be
asked to produce a urine sample and, sometimes,

a blood sample. This is sent to a testing facility. The
drug tests detect the presence of compounds that
are produced by chemical reactions in the body as it
processes the drug. Mass spectrometers are used
to help analyse the sample.

These are uncorrected first proofs. The text and artworks are being thoroughly reviewed by subject experts and AQA. Any

missing artworks or potential errors will be rectified.

206093 AS Chemistry A-Level_Ch1.indd 10

@

4/115 12:18 AM



Atomic Number, Mass Number and Isotopes

There are several different types of mass Time-of-flight mass spectrometer

spectrometer. They can be used to identify the mass
of an element, an isotope or a molecule. Knowing the
mass of a particle helps scientists identify the particle.
One type of spectrometer is called a time-of-flight
mass spectrometer.

Figure 10 Inside the fligh
Spectrometer

Electrospray ionisation. The sample being tested

is vaporised and injected into the spectrometer.
A beam of electrons is fired at the sample and
knocks out electrons to produce ions. A technique .

called electrospray ionisation is used because this
reduces the number of molecules that break up or A celeratio

fragment. Most atoms or molecules lose just one has a fixed str _ N otential
electron, but a few lose two. Positively charged difference is cons t Seelerates
ions are produced. Only the most energetic the i8M8so that all t ns with the
electrons can knock out two electrons, so most same chgbae have the same kinetic

ions have a single positive charge. If M is a enen
molecule of the sample, then:

M(g) — M*(g) + e~ or, M(g) — M?*(g) + 2e™.

X\

|

t tube g

lon detector. The ions are distinguished
by different flight times at the ion
detector. The electronic signal is used
by computer software to produce a
mass spectrum. The position of the
peaks on the mass spectrum relate to
the m/z charge of the ions. Since most
ions have a 1+ charge, this will be the
same as the mass of the ion. The size @
of the peak is proportional to the
abundance of the ion in the sample.

i

e @ o C} o3 l

’/ time measurement

lon drift. The ions reaching the drift region will have two
variables — their mass and their charge. This is described
by the mass-to-charge ratio, or m/z ratio. An ion with a
mass of 18 and a charge of 1+ has an m/z ratio of 18. An
ion with a mass of 36 and a charge of 2+ also has an m/z
ratio of 18. The m/z ratio affects the time taken to reach
the detector. There is no accelerating field in this region —
ions are ‘free-wheeling’. Heavier ions move slower

than lighter ions and singularly charged ions move slower
than ions with two or more charges. The time taken to
reach the ion detector is called the ‘flight time’. For example,
if the flight path is 0.6 m long and an ion has a mass of
26 atomic units, the flight time will be 6 x 1076 seconds.

Figure 11 The basic principles of a time-of-flight mass spectrometer

Abundance
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1 ATOMIC STRUCTURE

The mass spectrum of magnesium
The chart produced by a mass spectrometer is called a
mass spectrum (plural: mass spectra).

100 ,
[0}
e
s 78.60 %
C
3
2
S 50
<k
£ 1011 %
o]
& ||11.29%
0 5 10 15 20 25 30
m/z

Figure 12 Mass spectrum of magnesium

When samples of magnesium vapour are fed into
the mass spectrometer, they are bombarded by high
energy electrons in the ionisation region. These
fast-moving, energetic electrons knock electrons off
the magnesium atoms to produce positively charged
magnesium ions, Mg+.
Mg(g) > Mg*(g) + e~

If bombarded with very high energy electrons, some
magnesium ions lose a second electron:

Mg*(g) > Mg?*(g) + e~

These positively charged magnesium ions pass thr
the spectrometer and are accelerated by an
to give all ions with the same charge the sa
energy. Magnesium has three isotopes:
magnesium-25 and magnesium-26. The

passes into the drift region. If ions ave
the same charge, then the lighter esiim-24 will
take a shorter time to reach io r than the
heavier ions. The flight ti e less.

A mass spectrum is _pro d. The y-axis is the

corres ree isotopes of magnesium. The
hei s are proportional to the amounts
f present. The sample in Figure 12

8.60% of magnesium-24, 10.11% of
maghesium-25 and 11.29% of magnesium-26.

ass spectrum of an element shows:

» the mass number of each isotope present (since
mass numbers are masses compared to carbon-12,
this number is called the relative isotopic mass)

» the relative abundance of each isotope.

12

Calculating the relative atomic mass from
isotopic abundance

You can use information from mass spectra to
calculate the relative atomic mass, A, of an

element (see Section 1.5).
For magnesium, the isotopes 2*Mg, 2°Mg and 26Mg
are present in the ratio 78.60 : 10.11 : 11.29. This

.

means that the mass of 100 magnesium atoms wi
(78.60 x 24) + (10.11 x 25) + (11.29 x 28

The average mass of one magnesium atom

(78.60 x 24) + (10.11x 25) + (1 1. 2& E

100
= 24.31 (to four significant fi

ass of
data boo

nesium. The A,
243,

This is the relative ato
value for magnesium i

with this actual mass
rage mass of all the
s of magnesium, taking

Note that atoms
do not exist. T
natur

abun

|

gis
ount.

The ma ettrum of lead

e mass sp&ctrum of lead (Figure 13) shows that lead
ur isotopes with mass numbers of 204, 206,

d 208. The heights of the lines show these are
S ratio of 1.50:23.6:22.6:52.3. These are
percentage abundances and add up to 100.

To calculate the relative atomic mass of lead:

mass of 100 atoms

= (1.40 x 204) + (23.6 x 206) + (22.6 x 207)
+ (52.3 x208)

relative atomic mass

_ (1,40 x 204) x (23.6 x 206)

100
+ (22.6 x 207) + (52.3x208)
100
= 207.24
100 ,
g
C
©
©
C
§ 523 %
S 50
g
= 23.6% 22.6 %
)
& 1.50 %
200 205 210
m/z

Figure 13 Mass spectrum of lead
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Atomic Number, Mass Number and Isotopes

a. How many isotopes does
QUESTIONS antimony have?
100, b. What are their mass numbers?

3
c. What is the percentage abundance of
each isotope?

57.25% d. Calculate the relative atomic mass of
42.75 % antimony from this spectrum.

(9]
o

7. Find the relative atomic mass of
N occurring uranium that contai
100 105 110 115 ' 120 125 130 uranium-234, 0.72% urani
miz 99.2% uranium-238.

Percentage abundance

Figure 14 Mass spectrum of antimony 8.

6. Look at the mass spectrum of a sample of
antimony (Figure 14).

MATHS ASSIGNMENT 3: ANALYSING HA \4

(MS1.1,1.2; PS1.1,1.2, 3.2) u have been. This is a very useful tool

in 8&@ses Stich as deciding whether a terrorist suspect
has b&&n to a particular location.

uestions @

A1. Strontium has an atomic number of 38.

How many protons, neutrons and electrons
are in one atom of strontium-87 and in one
atom of strontium-887?

A2. Naturally occurring strontium has four
isotopes with these percentage abundances:

Strontium isotope  Percentage abundance

strontium-84 0.56

strontium-86 9.86

strontium-87 7.00

strontium-88 82.58
Table A2

a. Sketch strontium’s mass spectrum.
ratios of different isotopes in the water supply
vary with your location and the rocks the water
ercolates through. For example, the isotopes of
strontium (87Sr and 88Sr) and the isotopes of oxygen ~ A3. The data given in Table A2 for strontium

b. Calculate the relative atomic mass
of strontium.

('O, 70 and '80) vary all over the world. As your isotopes are average figures for all
hair grows, the isotope ratios from your environment naturally occurring strontium isotopes
are set in your hair. on Earth. What information do forensic

scientists need when using hair analysis to

For the forensic scientist, analysing the isotopes in
JEINE P track people?

a sample of your hair can tell where you are from

13
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1 ATOMIC STRUCTURE

1.5 RELATIVE ATOMIC MASS, A,

Atoms have very small masses, between 1024 g and
10-22 g. Instead of using these masses, scientists use
relative atomic mass (symbol A). Relative here
means the mass of one atom compared with another.
Originally, the mass of each atom was compared to
the mass of a hydrogen atom, where hydrogen had

a mass of one. As mass spectroscopy developed and
gave more accurate values for the masses of atoms,

it was discovered that hydrogen’s mass was slightly
more than one.

Relative atomic mass is now defined as the
average mass of an atom compared with %
the mass of a carbon-12 atom.

relative atomic mass, A, =

average mass of one atom of an element
-5 the mass of one carbon-12 atom

Relative atomic masses have no units because

they show the number of times heavier one atom

is compared with another. Books give different
numbers of decimal places for these values. The A,
for magnesium is given as 24 in most GCSE Periodic
Tables. You will now need to use the more precise
value of 24.3 for most calculations.

Remember, this is the average mass of all i

of an element, taking relative abundance int
consideration. These values can be foun g
spectroscopy and the calculations you earli

1.6 RELATIVE MOLECUL @r

In chemistry, you also n ow the mass of

t
molecules. The same re e atomtic mass scale is

used. The relatiy, olec mass is the mass
of a molecule co @ th 15 the mass of a
carbon-12 .

relatiy ulaggass, M, =

erage mass of one molecule
7 the mass of one carbon-12 atom

ing M_values
e mass spectrometer can also be used to find
relative molecular mass values. This is dealt with in
more detail in Chapter 16. If a sample of vaporised
molecules is introduced into the mass spectrometer,
the bombarding electrons can knock an electron off a

14

molecule in the same way as they did with a sample of
atoms. This produces a positively charged ion called
the molecular ion, M+.

M(g) > M*(g) + e~
Most of these molecular ions are now split into

fragments by the bombarding electrons, but some
remain intact.

mass spectrum represents the relative molg
mass of the sample — if the atoms in th
have isotopes, there will be more tha
ion peak. The mass spectrum of mgtiaa

B

and the much smaller
These can be used to ¢
mass of methane.

maljon about relative atomic
ar mass in Chapter 2.

You will find m
mass rel

100
90

70
60
50
40
30
20
10

Percentage abundan

15

Y

10
m/z

Figure 15 The mass spectrum of methane, CH,,

e
KEY IDEAS

? In a time-of-flight spectrometer, samples are
ionised, accelerated to constant Kinetic energy,
allowed to drift and detected.

» A mass spectrum can be used to find the
relative isotopic mass and abundance of
isotopes of an element.
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Describing Electrons

» The mass spectrum of a compound can be
used to find its M, and provides clues about
its structure.

» Relative atomic mass is the average mass
of an atom compared with 15 the mass of a
carbon-12 atom.

» Relative molecular mass is the average mass of
one molecule compared with 15 the mass of a
carbon-12 atom.

1.7 DESCRIBING ELECTRONS

Main Sub- Maxno. Max no. Max. no.
shell shell electron pairs electronsin electrons in
in sub-shell sub-shell main shell
1 S 1 2 2
S 1 2
2 8
p 3 6
S 1 2
3 p 3 6 18
d 5 10
S 1 2
3 6
4 P 3
d 5 10
f 7 14

Figure 16 Shells, sub-shells and number @FelecCtrons

A

nergy n=>2 L
=22IIl0 2s
n=1 1s

Figure 17 The energies of the sub-shells in an atom with many
electrons

Electrons are arranged in electron shells around
the nucleus. Each electron shell has a particular
energy value. Electrons can be described as being in a
particular shell. Within each shell, there are sub-shells
(or orbitals). The number of sub-shells in each s is
shown in Figure 16. The sub-shells are given the r
s, p, d and f. This sequence of sub-shells correspo

words used to describe emission spectral li
is discussed further a little later in this g

sub-shell s. The second eleg

of eight electrons, two o

six in sub-shell p. The ord

order of the ele s in the Pejiodic Table.

Electron ]

Electro st@ntly moving, and it is impossible

@kn he e osition of an electron at any

i i owever, measurements of the density of

ctrofs, asthey move round the nucleus show that

areregions where it is highly probable to find an

electr@h. These regions of high probability are called

orbitals. Each s, p, d and f sub-shell corresponds to a @
ifferently shaped orbital.

The shapes of s and p orbitals are shown in Figure 18.
Each orbital can hold two electrons, which spin in
opposite directions. Table 5 shows the numbers of
electrons and orbitals in the sub-shells.

Emission spectra and electrons

When an electrical voltage is applied to a gas at low
pressure in a discharge tube, radiation in the visible
part of the spectrum is emitted. This light can be split
into its component colours using a spectroscope, an
instrument designed by Robert Bunsen (the same
Bunsen as in Bunsen burner).

One theory of light considers it to consist of particles,
called photons, that move in a wave-like motion. Each
photon has its own amount of energy, depending

on the wavelength of the photon. The shorter the
wavelength, the more energetic the photon and the
higher the energy. Ultraviolet (UV) radiation has a
shorter wavelength than infrared (IR) radiation, so

a photon of UV radiation has more energy than a
photon of IR radiation.

Many advertising signs are gas-discharge tubes often
filled with neon. When neon absorbs electrical energy,
electrons become excited to higher energy levels. As the

15
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1 ATOMIC STRUCTURE

s orbitals ) )
1s 2s

p orbitals

z z

p, orbital

p, orbital

Figure 18 The three-dimensional (3D) shape of the s and p orbitals

Sub-level

the three
p orbitals combined

p, orbital

Number of orbitals in sub-shell

Maximum number of electrons

electrons fall back, radiation in the yellow part of the
visible spectrum is emitted. Other colours are usuall
obtained by using tinted glass.

The electrons in the atoms of gas in the disc e
tube absorb electrical energy. This excit
electrons and they move into a higher e
This is not a stable arrangement agé

rgy lafiel.
C s fall

the electron returns to a | o
energy is emitted as ragi his radiation is in
the visible range, you.se s coloured light.

A spectroscope W % iS@adiation into lines of a

energyével (or shell),

particular colour. gy gaps between the energy
levels in th ine the wavelength of the
radiation efitted. @ll the lines for an element make up
its e m.

theenerg

of electrons were not fixed, the
S spectra would be continuous, with
no Whes.

s Niels Bohr who suggested that electrons could
only exist at fixed energies. He gave each energy level
(shell) the symbol n and numbered them 1, 2, 3, and so
on, so that n = 1 is the first energy level (shell) and the
ground state for hydrogen’s 1 electron (see Figure 19).

16

the electron becomes excited and the level to which it
falls back.

This is the basis of the quantum theory. Whereas
Rutherford thought the electron moved smoothly,
Bohr showed that it moved in small jumps, or quanta.

Emission spectra provide evidence for electrons in
shells. You will read about other evidence later in
this chapter.

QUESTION

Stretch and challenge

9. Why did Bohr suggest that electrons have
fixed amounts of energy?

10. Draw a hydrogen atom with seven energy
levels (shells). Show hydrogen’s electron
in the first shell. Annotate your diagram
to show what happens when the electron
absorbs energy and moveston = 3
before falling back to the ground state.
Label your diagram to show the outcome.
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Describing Electrons

far from the nucleus

n=>5
5) o) n=4
Q n=3
Q n=2
Q
close to the

nucleus, n=1

The staircase model for the levels of the energies
emitted by the hydrogen electron. As shown,
energy jumps can be down one step or more
than one step.

Figure 19 The staircase model for the energy levels in a hydrogen
atom

Electron configuration of atoms

The arrangement of electrons in an atom can be
written as symbols in an electron configuration.
The electron configuration includes sub-shells as well
as shells, and shows the number of electrons in ea

» Hydrogen has one electron in shell 1, sub-shel
electron configuration is 1s.

» Helium has two electrons with opposite
electron configuration is 1s2.

» Lithium has two electrons in 1 nyos. Its
electron configuration is 1s2
You can also draw a spin ch sub-shell

which shows the direction all the electrons.
So, you can represe e ons in the shells/
sub-shells of magp@si¥m in two ways, electron

configuration o in ram.

3s

3s2

>

"

shell three energies are lower overall than shell four
energies, the 3d sub-shell has a higher energy than
the 4s sub-shell as shown in Table 6 (and Figure 17).
The order of filling is the order of elements in the
Periodic Table and 4s is filled before 3d. Later, Wij
see that the chemical properties of elements re

the energy levels of electrons.

Filling orbitals
You have seen that the arrows in ele

diagrams indicate their direction gf §p

there are one or two electrons ork

electrons fill the orbitals in a se er.
th

Electrons organise the they remain
unpaired and fill the max glimber of sub-shells
possible.

As you have , he p sub-shells, this means
y empty orbitals and are
en these orbitals each have
ional electrons are spin-paired;
ectron in an orbital will spin in the

0SI irection.

ctron 2p' in boron is:

w :

Electrons 2p? in carbon are:

L]

Electrons 2p3 in nitrogen are:

L

There is now one electron in each orbital. The next
electron goes into the first orbital and spins in the
opposite direction, so that:

Electrons 2p* in oxygen are:

Between hydrogen and argon, electrons of increasing
energy are added, one per element, in sub-shell order
1s, 2s, 2p, 3s, 3p. Then, for potassium, the next
electron skips sub-shell 3d and goes into 4s. Though

IR

17
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1 ATOMIC STRUCTURE

Z |Element | Electron configuration

Electron spin diagram

1 H 1S

2| He [1s?

3 Li o [1s%2!

4 Be |1522s2
15225%2p!

6 C  |1s%2s%2p?

7 N |1s%2s%2p3

8 o |1s22s22p*

9 F |1s%2s%2p°

10| Ne [1s?2s22p®

1| Na  |1522522p%3s!

12| Mg [1522522p®3s?

13| Al [1522522p®3s23p!

14| Si [1522522p®3s23p?

15 P |152252p53s23p?

16 S [1s22522p®3s23p*

17| d  [1522522p%3s23p°
18|  Ar  [1522522pf35%3pS

19| K |1522522p63s23p04s!
20| Ca |15%25%2p53s23p©4s?
21 Sc |15%2522p®3s23p53d'4s?

1522522p%3523p®3d?4s?

15225%2p%3523p®3d>4

p®3523p53d'04s’

$22522p%3523p®3d' %452

33 As

15225%2p%3523p®3d'04s24p'

15225%2p%3523p©3d'04s24p?

1522522p®3523pf3d'%4s24p>

34| Se  [1s22522p®3s?3p%3d'04s24p*
35| Br  [1s22522p®3s23p%3d'%4s%4p°
36| Kr o [1s22522p®3s23p03d'04s24p°

2s 2p 3s 3p 3d 4s 4p

[ I
INIINIINII I

[N freprn g ety It
(NI frefrefirefirefinin T
22 G o o
[ [ [ [ [ dpra] o] [r 0 1t
[ [ [ [ rra]rs ] e praredpea] o] [ro]fr 1
(] [ [ [ o] o] [ro]re ]
(e frefirfirine] refn i irejre e reffrefin |

Table 6 Electron configurations and

18

spin diagrams for the first 30 elements
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Describing Electrons

Electrons 2p°® in fluorine are:

AR

Electrons 2p® in neon are:

MARIRARIER

In Table 6, shell one in helium is filled. The next
element with a filled level is neon with the electron
configuration 1s2 2s2 2p8.

Since the outermost shell is complete, these

elements are very stable and are known as the noble
gases. Noble gas configurations are used to write
abbreviated electron configurations. For example, the
full electron configuration for potassium is 1s2 2s2 2p®
3s2 3pb 4s!. The abbreviated form is [Ar] 4s'.

Similarly, the abbreviated electron configuration for
phosphorus is [Ne] 3s2 3p3.

QUESTION

11.Use Table 6 to help you write a Vi
electron configurations for:

. sulfur

. aluminium
. calcium

. scandium
. silicon

a
b.

C

d

e
f. i
g.

Elec®on configuration of ions
ion is an atom in which either:

» one or more electrons have been removed,
producing a positively charged ion, or

» one or more electrons have been added, producing
a negatively charged ion.

Worked example 2

What is the electron configuration of the sodium ion,
Na+?

The electron configuration of the sodium atom {152
2s2 2pb 3s!.

In Na+ the outermost electron, 3s', has
been removed.

This is the electron of highest energy4
so takes the least energy to remove
configuration of Na* is 1s2 252
shells have the effect of shieldin

termost electrons
. A full shell

single outermost

ove, as in the case

lain the meaning of 2, p and 6 in 2p®.

13.%Write the electron configuration for:
a. Ca2*

b. CI-

c. A3+

d. Br-

e. N3~

19
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1 ATOMIC STRUCTURE

1.8 IONISATION ENERGIES

The energy required to remove an electron from an
atom in its gaseous state is called the ionisation
energy. The energy required to remove the first
electron is called the first ionisation energy and
can be written as:

M(g) > M*(g) + e~

The energy required to remove the second electron
from an atom is called the second ionisation energy
and can be written as:

M*(g) > M2*(g) + e~

lonisation energy values for removing the second
and subsequent electrons are called successive
ionisation energies.

The ionisation energy for one atom is so small that,
for convenience, ionisation energies are measured per
mole of atoms, in kJ mol~1.

QUESTION

14. Write equations using M to show the
third and fourth ionisation energies.

The first ionisation energy is the enthalpy ¢ e

(energy change) when one mole of gaseo 0

forms one mole of gaseous ions with a sifigle

positive charge.

lonisation energies have been wg for all but a
few of the very heavy elemeni®i odic Table.
Figure 20 shows the first4 tion gies for the

elements from hydrogegifo ca

1.9 EVIDENCE FOR SHELLS AND
SUB-SHELLS

Patterns in first ionisation energies provide evidence
for the existence of electron shells and sub-shells.
You can see this if you look at the first ionisation
energies down Group 2 and across Period 3.
Successive ionisation energies of an element provi
further evidence.

First ionisation energies of Group
The Group 2 elements, beryllium to b

m, are
reactive metals. They are also knoyiingg alkaline
earth metals because they reag % er Yo form
an alkaline solution. The outer s of these
elements contain a pa electron an s orbital

The first ionisation ene
is needed to remo
a mole of atom

much energy
these electrons from

Figur o) ow irst ionisation energies
decr p 2. That means the first electron
beco si remove. This is because:

the num of electron shells between the outer
ctron and the nucleus is increasing and the
on shells shield the outer electron from the
action of the nucleus, and

?» the radius of the atoms are also increasing as you
go down Group 2; the distance between the outer
electron and the nucleus is increasing.

So, the outer electrons are easier to remove and the
first ionisation energies decease. This is evidence for
the existence of electron shells.

20

15

Figure 20 First ionisation energies of the elements to caesium

20

25
Atomic number

30 35 40 45 50
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Evidence for shells and sub-shells

A Electron from sub-level:

900 2

800
3s
700

600 4s
5s

6s
500

First ionisation energy/k) mol ™’

400

300 >

Be Mg Ca Sr Ba
Group 2 elements

Figure 21 First ionisation energies of Group 2 elements, beryllium to

barium

First ionisation energies of Period 3 elements

As an electron is added to each successive atom
across Period 3, it fills the first available empty

orbital. The electron for sodium fills the 3s orbital. The
electrons in the first and second shells shield the 3s
electron from the positive charge of the nucleus a

is relatively easy to remove.

Magnesium’s electron completes the 3s orbital a

spins in the opposite direction. Magnesium al
has an extra proton, so the positive charg

nucleus has increased. More energy e 0

remove magnesium’s first electron. es|
ionisation energy is higher than s

First ionisation

Aluminium’s electron is the first to fill a 3p orbital. p
orbitals have higher energy than the s orbitals and
aluminium’s first electron is easier to remove than
the 3s electron of magnesium. The first ionisation
energy drops.

The electrons for silicon and phosphorus fill the
remaining empty 3p orbitals. At the same timeathe
positive charge on the nucleus is increasingfé

more energy is needed to remove these ele

The first ionisation energies increas
to phosphorus.

Sulfur’s first electron enters a

bita ady
opposite

jitive charge on the nucleus
and the first ionisation energy
energy is needed to remove an

it nefal trends for first ionisation energy are:

» A sharp fall in ionisation energy between neon
and sodium and between argon and potassium
as electrons enter a new shell. This is evidence
that the outer electron is on its own in a new shell
and shielded from the charge on the nucleus by

st electrons in the inner shells.

Ne Na Mg Al

~y

Si P S Cl Ar

Period 3 elements (plus Ne and K)

Figure 22 First ionisation energies of Period 3 elements from sodium to argon

21
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1 ATOMIC STRUCTURE

» An overall increase in the first ionisation energy the third to the tenth electron is electrons being
across period 3 as the positive charge on the removed from the second shell. The large increase
nucleus increases and electrons are attracted between the tenth electron and eleventh electron is
more strongly. because the eleventh electron is taken from the first

. hell.
» An increase for each sub-shell as the charge on she

the nucleus increases and electrons are attracted

lonisation lonisation energy/ kJ mol~!
more strongly.

» Afall in ionisation energy between magnesium 1 758
and aluminium as electrons start to fill a new 2 1451
sub-shell, 3p. This is evidence that a new sub-shell 3 7733
is being filled. 4 10 543

» A fall in ionisation energy between phosphorus 5 13 630
and sulfur as electrons start to pair up in the 3p

. . 6 18 020
sub-shells. This is evidence that electrons are
pairing up in sub-shells. 7 21711
8 25 661
Successive ionisation energies 9 31

Magnesium has the electron configuration 2,8,2. Its
first three successive ionisation energies are:

o

—_

69 9
368

Mg(g) > Mg*(g) + e~
first ionisation energy and= + 738 kJ mol~!

essive jonisation energies for magnesium
Mg*(g) > Mg?*(g) + e~ g ¢

second ionisation energy and= + 1451 kJ mol~!

Mg2*(g) > Mg3*(g) + e~

third ionisation energy and = + 7733 kJ mol UESTION
Figure 23 shows a graph of the log,, (ionisa Stretch and challenge
energy) against the number of electron Ve 15. Plot a graph of successive ionisation
magnesium. We use log,, to make the berSkasier energy divided by the charge on the
to handle. remaining ion against the number of
The first two electrons are r @ the third ::zgt:r?:'z;scrz::ie\z/i’igiligtliisnee;r::rlgi;
or outer shell. The increasﬁl e second and for magnesium
third electron is beca hegird electron is taken ’
from the second shell. grad®al increase from 16. Using your knowledge of shell and

sub-shells, explain the shape of the graph
you obtained.

17. These are the first five successive
ionisation energies for elements X, Y
and Z:
X 578, 1817, 2745, 11578, 14831
Y 496, 4563, 6913, 9544, 13352
Z 738, 1451, 7733, 10541, 13629

x X X
x X
xX

— In which group of the Periodic Table are these

T T
4 6 8 10 12 elements found?
lonisation number

Figure 23 The trend in the successive lonisation energies of
magnesium

22
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Evidence for shells and sub-shells
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1 ATOMIC STRUCTURE

EXAM PRACTICE QUESTIONS

1. The element rubidium exists as the isotopes b. An element forms an ion Q with a single
85Rb and &7Rb. negative charge that has the same electron
a. State the number of protons and the configuration as the nitride ion. ldentify the

number of neutrons in an atom of the ion Q.
isotope 85Rb c. Use the Periodic Table and your
b. i. Explain how the gaseous atoms knowledge of electron arrangement to,
of rubidium are ionised in a write the formula of lithium nitride.
mass spectrometer. AQA Jan 2012 Unit 1 Qu
ii. Write an equation, including state 3. Mass spectrometry can be us
symbols, to show Fhe process that isotopes of elements.
o;:cur;dv\'/hen.the i |oglsat|on enerey a. i. In terms of fundamenta s, state
Of FUBIAIUM 15 Measured. the differenc een iSO s of
c. Table Q1 shows the first ionisation an element.
energies gf rubidium and some other ii. State whuf€o " element have
elements in the same group. the s icl) properties.
Element Sodium  Potassium  Rubidium b. h&@meani the term relative
First d
ionisation C. as ectrum of element X has
energy/ kJ K e 2 four ks. Table Q2 gives the relative
mol-! abundance of each isotope in a sample of
lement X.
Table Q1

64 66 67 68
State one reason why the first iopisati _
Relative

energy of rubidium is lower than 12 8 : 5
first ionisation energy of sodi abundance

d. i. State the block of elements i
Periodic Table that contgj

ii. Deduce the full electr ration of
a rubidium atom,

Table Q2

i. Calculate the relative atomic mass of
element X. Give your answer to one
decimal place.

e A sampleagf rubj i, il the ii. Use the Periodic Table to identify the
isotopes ®°Rb R ly. The isotope species responsible for the peak at m/z
85Rb has 2 ndance 2.5 times greater - 64.

METOEE ¢ C .cula.t € th.e el d. Explain how the detector in a mass
atorg giibidium in this sample.

spectrometer enables the abundance of
an isotope to be measured.

AQA June 2011 Unit 1 Question 1

Wer to one decimal place.

e to the relevant part of the
spectrometer, explain how the

abultiance of an isotope in a sample of 4. Indium is in Group 3(13) in the Periodic Table
bidium is determined. and exists as a mixture of the isotopes ''3In
AQA June 2012 Unit 1 Question 1 and '"In.

a. Use your understanding of the
Periodic Table to complete the electron

configuration of indium.
a. Nitrogen forms a nitride ion with the 152 252 2p6 352 3pb6 452 3d10 4pb

electron configuration 1s2 2s2 2p®. Write
the formula of the nitride ion.

. The element nitrogen forms compounds with
metals and non-metals.

24
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Evidence for shells and sub-shells

b. A sample of indium must be ionised before d. The first ionisation energies of a group
it can be analysed in a mass spectrometer. of elements provides evidence for the
i. State what is used to ionise a sample existence of electron shells.

of indium in a mass spectrometer. i. Describe the trend in first ionisation
ii. Write an equation, including state energies down Group 2.

symbols, for the ionisation of indium ii. Explain how the trend you have

that requires the minimum energy. described in d.i. provides evidenc
iii. State why more than the minimum the existence of electron shells.

energy is not used to ionise the sample e. First ionisation energies acrosg

of indium. provide evidence for the exj
iv. Give two reasons why the sample of electrons in sub-shells.

indium must be ionised. i. Describe the trendagiifi

c. A mass spectrum of a sample of indium
showed two peaks at m/z = 113 and m/z
= 115. The relative atomic mass of this i in e.i. Weles evidence for
sample of indium is 114.5

i. Give the meaning of the term relative
atomic mass.

07 2 Unit 1 Question 1
. . 6, a. y an plete Table Q4.
ii. Use these data to calculate the ratio <

of the relative abundances of the

. lative mass Relative charge
two isotopes.

d. State and explain the difference, if any, P
between the chemical properties of the Electron
isotopes '3In and ''°In. @
AQA Jan 2011 Unit 1 Questi Table Q4

5. a. Copy and complete Table Q

b. An atom of element Q contains the same
number of neutrons as are found in an

Relative mass R atom of 27Al. An atom of Q also contains

Proton 14 protons.
Electron i. Give the number of protons in an atom
of 27Al.
Table Q3 ii. Deduce the symbol, including mass
number and atomic number, for this
b. An atQ twic& as many protons and atom of element Q.
t a eutrons as an atom of '°F, c. Define the term relative atomic mass of
D symbol, including the mass an element.
f this atom. d. Table Q5 gives the relative abundance
. Th@AI3* ion and the Na* ion have the of each isotope in a mass spectrum of a
e electron arrangement. sample of magnesium.
i. Give the electron arrangement of these
ions in terms of s and p electrons. m/z 24 25 26
ii. Explain why more energy is needed to Relative
remove an electron from the AI** ion abundance [EEE el LS
than from the Na* ion.
Table Q5
(Continued)
25
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1 ATOMIC STRUCTURE

Calculate the relative atomic mass of this
sample of magnesium, using the data

in Table Q5. Give your answer to one
decimal place.

e. State how the relative molecular mass of
a covalent compound is obtained from its
mass spectrum.

AQA June 2004 Unit 1 Question 1

7. A sample of iron from a meteorite was found
to contain the isotopes >“Fe, 56Fe and >7Fe.

a. The relative abundances of these isotopes
can be determined using a time-of-flight
(TOF) mass spectrometer. In the mass
spectrometer, the sample is first vaporised
and then ionised.

i. State what is meant by the term isotopes.

ii. Give an equation to show a gaseous
iron atom producing one electron and
an iron ion in the ionisation area.

iii. State the two variables that determine
the time taken for an ion to move
across the drift area.

iv. Explain why it is difficult to distinguish
between an °6Fe* ion and a ''2Cd2+
ion in @ mass spectrometer.

b. i. Define the term relative atomic gnass
of an element.

ii. The relative abundances of t

isotopes in this sample of ir@h are
shown in Table Q6.

m/z 54

Relative
abundance

Table Q6

Cal€ulate ative atomic mass of iron
in 8is sandple, using the data in Table Q6.
answer to one decimal place.

AQA June 2005 Unit 1 Question 1

a. Yitanium is a d block element in Period 4
i. State what is meant by a d block element.

ii. Write the full electron configuration
for titanium in terms of s, p and
d electrons.

26

b. Titanium has five stable isotopes, with 48Ti
being the most abundant.

i. State one difference and two similarities
between the stable isotopes if titanium.

ii. Explain why stable isotopes of titanium
have the same chemical properties.

c. Mass spectroscopy can be used to
determine the relative abundance of
titanium isotopes. Why is it difficult t
distinguish between 48Ti2+ and 24
ions on a mass spectrum?

Stretch and challenge

9. Scandium is a d block eleme
alloys to make spoféing equipme
golf clubs and fishi ds.

a. Give the ele con tion
for sc

nts form ions, the s

andi
b. n ock
| S lost first, then d electrons.
t ckelements form ions with
mo arrone charge, but the scandium
ions h

a + 3 charge in most of
its compounds.

. Give the electron configuration for the
Sc3+ ion.

ii. Suggest why most d block elements
have ions with a + 2 charge.

c. Like scandium, zinc only forms ions
with a + 2 charge. Give the electron
configuration for a Zn2+ ion.

d. Iron forms ions with a + 2 charge and
with a + 3 charge. Give the electron
configuration for the Fe3* ion.

Multiple choice
10.Which element has an isotope with an atomic
number of 35 and a mass number of 79?
A. Chlorine
B. Gold
C. Bromine
D. Selenium
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2 AMOUNT OF SUBSTAMEE

several different bran es, such @@Nurofen and
Ibuleve. The early manu re of ibuprofen involved
PRIOR KNOWLEDGE a series of six diffef€n reactions, but each

and relative molecular mass to compare the masses of there ysba | - ich wa.s associated with
atoms and molecules. You may already know how to use tentlal.for environmental harm.
a chemical equation to describe a chemical reaction. o N ulted in only {fO. 1 %. of all the
You may have also learned how chemists use moles to o g re.a tants ending up in the ibuprofen
count particles and you have possibly carried out some glecules. ing the 1990s, Boots™ developed an

calculations using moles %« ative process for the manufacture of ibuprofen

You read in Chapter 1 that we use relative atomic mass stage generate - ediproducts. This meant that
wa
h
r

olved only three stages. Less waste was

tced and 77.4% of atoms in the reactants ended
LEARNING OBJECTIVES up in the ibuprofen molecules. Scientists use the idea
of atom economy to calculate percentages of waste
products. You will find out more about atom economy
in this chapter.

In this chapter on amounts of substance y; Ib

on these ideas and learn how amounts off@hemi
substances in solids, liquids, gases | n be
measured in moles.

(3.1.2.1,3.1.2.2,3.1.2.3

.2.5)

atory’medicine that was
WP is now available without
ter’), and is sold under

Ibuprofen is an anti-iafla

first patented in 4 @

prescription (¢
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Relative masses

21 RELAT'VE MASSES nitrogen: 1x14 =14 hydrogen: 3x1=3

M of ammonia=17.

Relative atomic mass, A,
Relative atomic mass values for elements can be found
on your Periodic Table.

The masses of atoms vary from 1x102* g for QUESTION

hydrogen to 1x 1072 g for the heavier elements.

These are very small masses that are impossible 1. Calculate the relative molecular mas

to imagine. Small numbers like these also a. sulfur dioxide, SO,
complicate calculations. b. ethane, C,H,

As described in Chapter 1, you can use the idea of c. ethanol, C,H;OH
relative atomic mass, A, with the mass of a carbon-12 d. phosphorus(V) chl
:Egmsas the standard, to deal with the mass of . glucose, C.H

A:H1;Q12;0 16; S 32; Cl 35.5)

Relative atomic mass is the average mass of an atom
of an element compared to one-twelfth of the mass of
an atom of carbon-12.

Relative f mdass, M,
For an element, Relativehote€llar gnass applies to molecules, which

4 = average mass of an atom of an element % ovalently ded. Many of the formulae that you
. the mass of one atom of carbon-12 eI t ourse have giant structures with ionic or
e
st an

onding. Sodium chloride has ionic bonding
You use the average mass of an element because sists of a large number of sodium ions and an
elements have more than one isotope. Therefore, n equally large number of chloride ions held together in
all the element’s atoms have the same mass. a lattice by electrostatic charges. The formula NaCl is
alled the formula unit and shows the ratio of each
type of atom in the lattice. Silicon dioxide, SiO,, has
f covalent bonding and a macromolecular structure
(a giant covalent structure). The formula SiO, is the
formula unit. The mass of the formula unit is called the
relative formula mass. It has the symbol M,, though
you may find that M, is still used. It is calculated in
the same way as the relative molecular mass. Many
ionic and molecular compounds have brackets in
their formulae.

For example, chlorine has two naturally occ
isotopes: chlorine-35 and chlorine-37. Any
of chlorine contains 75.53% of 23 Cl
37Cl . This gives a relative atomic ma
which is usually rounded up to 3

Relative molecular m
For molecules rather than
molecular mass, sy

u use relative
A, M, has no units.

Relative molecul@ffmas J) is the sum of the relative

. . You can also define relative formula mass as:
atomic masses, of he atoms in a molecule.

)y, — @verage mass of one formula unit of an element or compound
relative molecular mass as: ! 1 the mass of one atom of carbon-12

of one molecule of an element or compound
75 the mass of one atom of carbon-12 Worked example 2

To find the relative formula mass of ammonium
sulfate, (NH,),SO,:

Step 1 Look up the relative atomic mass value for
each atom in the formula: nitrogen= 14 ; hydrogen=1

; sulfur= 32;
Step 1 Look up the relative atomic mass values for oxygen=16
each atom in the formula: nitrogen= 14 ; hydrogen=1.

orked example 1

calculate the relative molecular mass of ammonia,
NH3:

Step 2 Add up the masses of the atoms in the

Step 2 Add up the masses of all the atoms in the formula: nitrogen: 2 x 14 = 28; hydrogen: 8 x 1= 8;
molecule: sulfur: 1x 32 = 32; oxygen: 4 x 16 = 64 . Total: 132
29
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2 AMOUNT OF SUBSTANCE

The relative formula mass of ammonium sulfate
is 132.

Remember, atoms (or ions) inside a bracket are
multiplied by the subscript number after the bracket.

e
QUESTION

2. Calculate Mf for the following:
a. MgBr,

. Ca(OH),

AI(NO;),

Al (SO,),

(CH,COO), Ca

(Ar:H 1; C12; N 14; O 16; Mg 24; Al 27,
S 32; Ca 40; Br 80)

e oo

®

2.2 THE MOLE

When amm
product th
amo

us

generated is calculated from the
s (nitrogen and hydrogen) that are

can

m equation for the reaction you know
tha@thre€ hydrogen molecules react with one
nitr@gen molecule:

3H, (g) + N, (g) — 2NH, (g)

However, you cannot count out molecules to get
reactants in the right proportion. Chemists count
the number of particles in moles, for which we

30

use the symbol mol. A mole of particles contains
1.205 x 10** particles. For ammonia manufacturers,
a mole of hydrogen refers to 1.205 x 10** molecules
of hydrogen and a mole of nitrogen refers to

1.205 x 10** molecules of nitrogen.

But a mole can be 1.205 x 10%** particles of anything —
atoms, molecules, ions, electrons. It is important to
state the type of particles, for example, a mole of
chlorine atoms, Cl, or a mole of chlorine molecule

Cl,. A mole of chlorine molecules has twice

of a mole of chlorine atoms.

Since atoms have different masses, m of will
have different masses. The mass g ] f atoms
of an element, in grams, is the ¢g € mass

in grams.

The standard for relati

carbon-12 isotope rb is assigned the value
12.000 and all other are measured relative
to this.

‘ 23
One ffole hcaMgn-12 atoms (6.023 x 10*° atoms)
has a SO .000 g.
o moles @gcarbon-12 atoms (1.205 x 10** atoms)
gaxe a mass of 24.000 g.

umber 1.205 x 10** is the Avogadro constant
(symbol L). It was named after Amedeo Avogadro,

a 19th-century Italian lawyer who was interested in
mathematics and physics. He hypothesised that, at
the same temperature and pressure, equal volumes of
different gases contain the same numbers of particles.
However, he did not calculate the number of particles
in a mole. The first person to do this was an Austrian
school teacher called Josef Loschmidt, in 1825.

Moles and relative mass

The relative atomic mass of carbon-12 is 12 and
the relative atomic mass of magnesium-24 is 24.
Therefore:

» one magnesium-24 atom has twice the mass of one
carbon-12 atom

» 1.205 x 10* magnesium atoms have twice the
mass of 1.205 x 10%* carbon atoms

» 1 mole of magnesium-24 atoms has twice the mass
of 1 mole of carbon-12 atoms

» 1 mole of carbon-12 atoms weighs 12 grams, 1
mole of magnesium-24 atoms weighs 24 grams.

These are uncorrected first proofs. The text and artworks are being thoroughly reviewed by subject experts and AQA. Any missing
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The mole and the avogadro constant

206093 AS Chemistry A-Level_Ch2.indd 31

The mass of a mole of molecules, in grams, is the
relative molecular mass in grams, and the mass of a
mole of formula units in grams is the relative formula
mass in grams.

Earlier you learned that relative atomic mass is the
average mass of an atom of an element compared
with one-twelfth of the mass of an atom of carbon-12.
Chlorine, for example, has two isotopes: chlorine-35
and chlorine-37. Taking into account their relative
abundances, the relative atomic mass for chlorine

is 35.5. It is these average values that we use in
calculations. So, we can say that:

» 1 mole of carbon dioxide, CO,, molecules has a
mass of 12+ (2x16) =44 g

» 0.1 mole of carbon dioxide molecules has a mass
of4.4g

» 1 mole of sodium chloride, NaCl, has a mass of
23+355=585¢

» 5 moles of sodium chloride has a mass of
585x5=2925¢

Calculations involving the Avogadro consta
We can use the Avogadro constant to find the nu
of atoms or molecules in an amount of moles.

Worked example 3

Helium is a monatomic gas, He. How figny
in 0.200 mol helium gas?

» atoms

6.023 x10%

Step 1 1 mol helium contains 6823 x

Step 2 0.200 mol helium S
=1.205x 10 atc

Carbon dioxide exij mo es, CO,. How many
molecules are i 125"%el carbon dioxide?

joxide contains 1.205 x 10%

QUESTION

3. How many atoms are there in:
a. 3.000 mol aluminium
b. 0.0100 mol argon

c. 0.2750 mol chromium
d. 1.750 mol lithium
e. 0.007 mol calcium?

4. How many molecules are there in:
a. 5.00 mol water
b. 0.725 mol sulfur dioxide
c. 20 mol oxygen
d. 0.025 mol ammonia
e. 0.001 mol hydrogen ch

Converting mass to nf
You will need to be able T¢
substance into umber @

the mass of a
fif0les and vice versa.

To convert the_ma
atoms) to e u

g

Q ve e mass of a substance consisting of
lectilgs tmoles, simply substitute M, for A.

f an element (consisting of
use the formula:

ss g1 4 x number of moles

You find the triangle in Figure 1 useful,
where mass = moles x A7, moles = mass/M, and
M. = mass/mol

mass

moles| M,

Figure 1 This relationship triangle can help you to calculate the mass
and the number of moles of substances.

Worked example 4
How many moles are there in 414 g of lead?

Step 1 A lead = 207

414

les = 414
Step2 moles 207

=2 mol

How many moles are there in 1 kg of glucose, C,H,,0,7?

Step 1
M, glucose = (6x12)+(12x 1)+ (6x16) =180
Tkg =1000 g
1000
Step 2 les = ——=
ep 2 moles 180
=5.56 mol

(Maths Skills 2.1 and 2.2)

31
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2 AMOUNT OF SUBSTANCE

Converting moles to mass
For elements consisting of atoms:

mass (g) = moles x relative atomic mass (A4)

For substances consisting of molecules or
formula units:

mass (g) =

moles x relative molecular or formula mass (/7,)

Worked example 5

What is the mass in grams of 2 moles of argon gas?

(A: Ar 40)
mass (g) = 2x 40
=80¢g

What is the mass in grams of 2.5 moles of ethanol,
C,H;,OH?

Step 1 M, ethanol = (2x12)+(5x1)+16+1= 46

Step 2 mass (g) = 2.5 x 46
=115¢
(Maths Skills 2.1 and 2.2)

Copper sulphate 249.7g

Iron (11D chloride 270.33

Cobalt nitrate 291.08

Figure 2
have di

. Calculate the number of moles of:
a. atoms in 6.00 g magnesium

b. formula units in 60.0 g calcium
carbonate, CaCO4

32

I @ shows 1 mole of different compounds. They
It they each contain 6.023 x 1073 formula units.

¢. molecules in 109.5 g hydrogen chloride,
HCI

d. formula units in 303 g potassium
nitrate, KNO

e. formula units in 26.5 g anhydrous
sodium carbonate, Na,CO,

molecules in 4.00 g hydrogen gas
. atoms in 4.00 g hydrogen gas
. atoms in 336 g iron

atoms in 27.0 kg aluminium

> a ™

j. molecules in 9.80 g sulfuric acldaH,SO,

6. Calculate the mass in graglé
a. 0.500 mol chromium

b. 0.200 mol brofiae atoms

c. 10.0 mol |
d. 0.100 hloride,ZnCl,
e®5 ol p um hydroxide, KOH

thanol, C,H;OH
| sulfuric acid

ol nitrogen atoms
i. 5.00 mol nitrogen molecules
¥ 0.025 mol sodium hydroxide, NaOH

More calculations using the Avogadro constant
We can use the Avogadro constant to work out

the number of atoms or molecules in the mass of

a substance.

Worked example 6
How many atoms are in 19.70 g gold (Au)?
Step 1: convert the mass to moles. (A;: Au 197)

_19.70
19.70 g gold = 97 mol gold

=0.10 mol

Step 2: 0.10 mol contains 0.1x 6.023 x 10** atoms
=6.023 x 10?* atoms

How many molecules are in 3.910 g ammonia?
Step 1: convert mass to moles. (A: H 1; N 14)
M. NH; =14+ (3x1) =17

_3.910

3.910g NH; = 222

mol NH,

=0.230 mol
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The mole and the avogadro constant

Step 2: 0.23 mol contains 0.23 x 6.023 You may find the diagram in Figure 3 useful when
doing calculations involving the Avogadro constant.
x 6.023 x 10”* molecules = 1.385 x 10> molecules . ‘ o
Remember, if you are given a mass in kilograms, you

(Maths Skills 0.1, 2.1and 2.2) will need to convert it to grams first.
divide by multiply by the Avogadro
A, or M, constant (6.023 x 10%%)
Mass in grams Number of moles > Number of atoms

or molecules

multiply by divide by the Avogadro
A or M, constant (6.023 x 1023)
Figure 3 This diagram shows the relationship between mass, moles and the number of atoms or molecules, compound.
7. How many atoms are there in: 8. How ules are there in:
a. 0.040 g helium ¢ a. Og n gas
b. 2.30 g sodium . water
c. 0.054 g aluminium . OW1 4 g carbon monoxide
d. 2.10 g lithium .335 g chlorine gas
e. 0.238 g uranium e. 2.00 kg water @

(A:H1;He4;Li6.9;C12;0 16; Na 23.0;
Al 27.0; Cl 35.5; U 238.0)

MATHS ASSIGNMENT {: ANY ATOMS ARE THERE IN THE WORLD?

MS 0.0, 0.1, 0.2, 0.4;

0 s #bo numerous to
number of atoms if

The world is made
count, but you ¢
you know the
be 5980000 000000000000000000 grams

or, put ig m, 5.98x10%" g

All 2 (see Figure A1), but atoms of
d ents have different masses. Table
A e percentage abundance of the most

ypes of atom that make up the Earth.
percentage abundance figures for elements in
he Earth only include the amount of element found :
in the Earth’s crust. So, as we do not know exactly Figure A1 An image of gold atoms obtained using scanning
what is in the centre of the Earth, a bit of estimating tunnelling microscopy. Gold atoms are about O.1441 nm in
S diameter. That is 1.441 x 10~19m.
based on some good scientific theories is needed.

Table A1 also includes the mass of a mole of atoms
of each element. This is the relative atomic mass
of the element in grams. Moles are used to count
particles. One mole contains 6.023 x 10 particles.
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2 AMOUNT OF SUBSTANCE

Element Mass of 1 mole/g Percentage of the Earth/% Mass in the Earth/g Number of atoms
Iron 55.8 35 2.09 x 10% 2.26 x 10%°
Oxygen 16.0 30 1.79 x 107 6.75 x 10%°
Silicon 16.0 15 8.97 x10%° 1.92 x10%
Magnesium 24.3 13 7.77x10% 1.93 x10%
Sulfur 32.1 2 1.20 x10%

Calcium 40.1 1 5.98 x 10%

Aluminium 27.0 1 5.98 x 10

Table A1 The abundance and estimated mass of the most common elements that make up the Eartl

Questions

A1. If Earth has a mass of 5.98 x10%’ g., what

is the mass of iron in the Earth?

A2. How many moles of iron are in the Earth?

[A,: Fe 55.8]

A3. If one mole of particles contains 6.02 x 10%*
particles, how many iron atoms are there in

the Earth?

2.3 THE IDEAL GAS EQUATION

Measuring the mass of a gas is not easy@gGasesjare
usually measured by volume, but a gas
depends upon its temperature,a sdlire. So, to
find the mass of a gas afterglieas volume,

that gases change
re andpressure change.
differently compared
ost practical purposes, the

you need to understand
in volume when tempe

with other gases
differences 3

p of identical particles in continuous
motion.

) particles can be thought of as point-like, with
sition but with zero volume (which means that

the volume of the gas particles is taken to be zero).

» The particles do not react when they collide.

» Collisions between particles are perfectly elastic —
the total kinetic energy (energy of motion) of the

34

tal number of atoms on

Stretch and c n
A4. Repeat th n stions A1, A2 and
®r ther ents in the table and
th

particles after a collision is the same as that before
the collision.

» The particles have no intermolecular forces,
meaning they do not attract or repel each other.
(You will find out more about intermolecular forces
in Chapter 3.)

As shown in Figure 4, no real gas follows this model
exactly. In an ideal gas there are no intermolecular
forces, so the particles are not attracted to each other.
In a real gas, attractive intermolecular forces divert the
paths of particles. These forces explain why, under the
right conditions, gases can be liquefied.

Some gases do behave like an ideal gas over a limited
range of temperatures and pressures. Hydrogen,
nitrogen, oxygen and the inert (noble) gases behave
most like ideal gases.

The effect of pressure

Robert Boyle was one of the first chemists to study
the behaviour of gases under different conditions. He
noticed that when he kept the number of moles of
gas and the temperature constant, but increased the
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The ideal gas equation

Ideal gas Real gas
one instant next instant one instant next instant
A 4
V4 i O
° L o, o’ o, o\
A
° [ ]
¥ 54 O/ o O/
° e 3
\e ’}) close particles interact
N o
° o1 o 3 Of
° 3 ./ elastic v (@) Y
collision
7 collision not el
There are no intermolecular forces, so the  Attractive intermolecular force: e
particles are not attracted to each other paths of particles

Figure 4 Movement of particles in an ideal gas and a real gas

pressure on the gas, then its volume became smaller.
In 1662, based on this evidence, he stated:

At constant temperature T, the volume V of a fixed
mass of gas is inversely proportional to the pressure p
applied to it.

When this theory proved generally to be true, it
became known as Boyle’s law. You can write it
mathematically as:
=1
Vi
D
when T and the mass of gas are cons

)

which is the same as:

p xV = const
Figure 5 The Hindeberg was the largest airship that used a
when T and the mass of stant. hydrogen-filled balloon. In 1937, it burst into flames when trying to
dock at the end of its first North American transatiantic journey. This
The effect of te ure marked the end of the airship era.

About a hundred¥gars a Robert Boyle made his . .
changes in volume. As temperature was increased, the

conclusions, man Jacques Charles was )
studying o 2ri8d when ballooning was all gases expanded because their molecules moved faster
the rages Balloons were initially filled with and were further apart, so their density decreased. As

temperature was decreased, the gases became more

hydg@gen. Si e density of hydrogen was less than
. dense as they contracted. The effect was the same for

at lloons filled with enough hydrogen floated . . )
m around. Disastrous fires, exemplified by the a'WIde range of gases and, in 1787, Charles published
Hin rg disaster (Figure 5), did put an end to the use his law:

hydrogen, however. Ballons were subsequently filled At constant pressure, the volume of a fixed mass of
with air that was heated to reduce its density. As soon gas is proportional to its temperature.

as the total mass of the balloon, passengers and air in
the balloon was less than that of the air displaced, the
balloon could rise into the air. This is the method that is when p and the mass of gas are constant.
still used today (Figure 6).

I/ = constant x 7

The equation for Charles’s law implies that at constant
Charles was looking at the effect of changing the pressure, as the temperature goes down, the volume
temperature of gas and measuring the resulting of any sample of gas decreases until, at a certain very

35

These are uncorrected first proofs. The text and artworks are being thoroughly reviewed by subject experts and AQA. Any missing
artworks or potential errors will be rectified.

206093 AS Chemistry A-Level_Ch2.indd 35 @ 4115 12:38 AM



2 AMOUNT OF SUBSTANCE

o dashed lines=

g extrapolated plots

§ /

-273.15 0

Temperature / °C

Figure 7 The relationship between volume of a gageng alire
Equal volumes of all gases at the ure and
temperature contain the same particles

is the
volume occupied by on

all gases at the sa m e and pressure. For
example, Figure 8 at the volume of a mole of
different gase K@5 °C) is 24 dm®.

As a ¢@n e the volume of a gas is proportional
to the beef Mbles of the gas present when the
pressure teMperature are constant. Thus:

I/ = constant x »

and T are constant and n is the number of
g of the gas.

Figure 6 Balloon rides today use hot air and work on the princip,
that air expands and becomes less dense.

The ideal gas equation combines all the equations

low temperature, the volume becomes zero. in above for gases into one equation:

the volumes of’most‘gases against tem re PV = nRT

and extrapolating (Figure 7) produces a@urpristhg

result — they would all reach zero S same Where:

temperature, -273.15°C s whic as the L = pressure of the gas in pasca]s (Pa)

absolute zero temperatur
V' = volume of the gas inm®
At this temperature the &fOm molecules are

assumed to have no kin ener@, to have ceased
moving and collidj e so close together as R = molar gas constant (8.31 JK4morl)
to occupy a negli e. Of course, at normal
pressures, d be solids at —273.15°C,
which is wi§ you e to ‘extrapolate’ to obtain the
value i the kelvin temperature scale, this
is O kelvin (0 K), at which an ideal gas is
cupy zero volume. In your calculations
laws, always remember to use temperatures
in K8lvins, converting celsius to kelvin by adding 273.

77 = number of moles of the gaseous particles

7 = temperature in kelvin (K)

ombining Boyle’s law and Charles’s law
Boyle’s law and Charles’s law can be combined into
a single ideal gas equation, but one more piece of
information is needed, which was discovered by the
Italian Amedeo Avogadro. He found that: Figure 8 The molar volume of gases at 298 K and 100 kPa
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The ideal gas equation

Determining the molar gas constant

A simple laboratory experiment can be carried out
to calculate the value of the gas constant R. The
equipment is shown in Figure 9. It includes a gas
syringe with a friction-free plunger, which allows gas
in the syringe to reach atmospheric pressure. The
experiment gives values for all the quantities in the
ideal gas equation that are needed to calculate R.

The syringe is filled several times from the cylinder.
This gives a sum of volumes =V

The total mass of gas lost from the cylinder is
recorded and the number of moles calculated = »~

The temperature is recorded = 7
The atmospheric pressure is recorded = p
Then the gas constant is calculated from:

R:L’/
nl

You need to be able to use the ideal gas equation
to carry out calculations in the practical and in the
other examples.

Finding the M, of a volatile liquid
The apparatus used for this is shown in Figure 1
small syringe is used to inject a known mass

Drawing not to scal

volatile liquid into a large gas syringe. At the recorded
temperature the liquid changes to a gas and its
volume in the large syringe is measured.

Some sample results from an experiment to find the
M, of hexane are given. You can use these data
calculate the M, of hexane.

volume of air = 10 cm®

volume of vapour + air = 100 cm®
mass of sample = 2.59 g
temperature = 87 °C

pressure = 100 kPa [thisj essure of 1

atmosphere (atm)]

o Sl units (as in the

First, convert the measure
gas equation):
me mple =100 -10 cm’®
=90 cm®
0\

=90x10°m?
Rearrange the ideal gas equation to give M, as
the subject:

temperature = 87 + 273 K
=360K
pressure = 100 000 Pa

mass
number of moles = mass (g)
.
N
——gas cylinder /Wr
containing, for
examplg, putane, itigggas _ mRT
| sulfur dioxi =
chlorine pV
top-pan balance
Figure 9 This gageikal used to calculate the molar gas constant,
R, used in thg gaseqUapon.
(@M olatile liquid (b) Volume of gas produced when liquid is vaporised is measured
is Measured
oven gas syringe thermometer
. rubber ‘
hypodermic seal ‘
syringe —
Xz \ AR R Y7 DR \ AN
=3
1|
- I€ ! 2|

top-pan bal
Op-pan balance evaporating liquid

Figure 10 Apparatus to find the M, of a volatile liquid

heating element
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2 AMOUNT OF SUBSTANCE

Insert values into the ideal gas equation:
_ _2.59x8.31x360
" 100000x90x10°

M, =86

Remember that the answer can only contain two
significant figures because the volume of the sample is
given as 90 cm3. Do not round up or down until

the end of the calculation because you may

lose accuracy.

Calculating moles from gas volume

Worked example 7

How many moles of oxygen are there in 500 cm3 of
gas at 25°C and 100 KPa?

Step 1 Convert the units to the units of the ideal
gas equation:

p =100 kPa =100 000 Pa
V =500cm® =500x10°m®
7 =25°C=298K

Step 2 Rewrite the ideal gas equation to make n
the subject:

_ PV
7= RT

Step 3 Insert the values:

5= 105x500x10°°
8.31x298

moles of oxygen = 0.0200 mol

(Maths Skills 2.1, 2.2, 2.3,

of aWgactant gas and

Calculating the volu

oxygen to produce carbon
alculate the volume of oxygen

CHg(g) + 20, (g) — CO, (g) + 2H,0(])

Step 1 The equation shows that one mole of methane
reacts with two moles of oxygen to give one mole of
carbon dioxide.

38

From Avogadro’s rule, at constant temperature and
pressure, 20 dm® of methane therefore requires
40 dm* oxygen for the reaction.

Similarly, the volume of carbon dioxide produced is
20 dm?*.

Step 2 To find the mass of 20 dm® CO, , first use
the ideal gas equation to find the number of mole

Using 7 = pVIRT , insert the values converted td @

correct units:

_120x100x20x10°*
8.31x 303

n

= 0.953 mol

The reaction produces 0.95 m& n dioxide.

@

Step 3 Convert mass {@himto moles?

mass (g) = moles x

alculating the volume of gas produced in a
reaction involving a non-gas reactant

Worked example 9

When potassium nitrate is heated, it gives off oxygen
and becomes potassium nitrite. Calculate the volume
in dm3 of oxygen produced from 345 g potassium
nitrate at 38 °C and 100 kPa.

The equation for the reaction is:

2KNO; (s) — 2KNO, (s) + O, (g)

Step 1 Work out the number of moles in 345 g of
potassium nitrate:

M.KNO, =101  (A:K39;N14;016)

moles KNO; = m/al//ss
f

_ 345
101

=3.42
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Empirical and molecular formulae

Step 2 From the reaction equation, calculate the
moles of O.:

3.42 moles KNO; produces 0.5 x 3.42 moles
0, =0.171)

Step 3 Work out the temperature in kelvin:

7 =38+273=311

Step 4 Write the ideal gas equation, making V the
subject, and insert the values: 211 EMPlRlCAL AND MULECULA @

V= i;]' Remember that:
» the empirical formula is the lest whole
y = 1.71x8.31x31 number ratio of atoms ent that are in
100%10°
a compound
=0.0442 m*0
2 » the chemica ula (mo ar formula or formula
The volume of oxygen produced is 44 dm?®. unit) is the a umber of'@toms of each element
used to le of formula unit.

(Maths Skills 2.1, 2.2, 2.3, and 2.4)

to find the composition of a
easure the mass of each element in
nd. They use this information to work out

e jcal formula of the compound. The empirical
QUESTION form@a gives the simplest ratio of atoms of each
element present in the compound. For example, the
9. a. Convert these temperatures into kelvin: molecular formula of ethane is C,H, , but it has the
i. 25°C mpirical formula CH;, because the simplest whole
ii. 250 °C number ratio of carbon to hydrogen is 1:3.
iii. =78 °C As an example of calculating an empirical formula,

consider a compound that was found to contain 40%
by mass of calcium, 12% by mass of oxygen and
48% by mass of oxygen. From these figures, you can
calculate that 100 g of the compound would contain
40 g calcium, 12 g carbon and 48 g oxygen. If you
convert these masses to amounts in moles, you will
know the ratio of each element (Table 1).

b. What is the volume in m®
oxygen gas at 25 °C an

¢. What volume (dm®

of helium gas. The

B element calcium carbon oxygen
ow many moles of gas does mass/g 40 12 48
40 12 48
amount/mol %0 5 16
ratio of elements 1 : 1 3
Table 1

If the substance has a lattice structure (either bonded
covalently or ionically), the formula unit shows the
ratio of atoms of each element in the substance. For
example, calcium carbonate, CaCO;, consists of ions
held in a giant structure, as shown in Figure 11. The
formula unit is CaCOs,
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2 AMOUNT OF SUBSTANCE

Figure 11 Calcium carbonate giant lattice. The green spheres
represent calcium ions, Ca®*, and the grey spheres each with three
red spheres attached represent carbonate ions, CO 52* (grey for carbon
and red for oxygen).

showing that it is made from one calcium atom, one
carbon atom and three oxygen atoms.

The ratio of atoms in a chemical formula (molecular
formula or formula unit) stays the same.

Therefore, one molecule of CO, is made from one atom
of carbon and two atoms of oxygen, and 100 molecules
of CO, are made from 100 atoms of carbon and 200
atoms of oxygen.

Since you can count the number of particles in mo

one mole of CO, is made from one mole o
atoms and two moles of oxygen atoms.

Calculating a molecular formula

Worked example 10

An investigation to identify
it contained 0.34 g carb

a

-

7 g hydrogen and
rmula.

Step 1 Note tha
the question, rat

Treat this i me way as described earlier.
You may ng@d soni@ common sense to sort out the
whol (Table 2).

ormula is CH,O .

find the molecular formula, you need to
knoWl the relative molecular mass.

e M, of this carbohydrate is 180, then to calculate
the molecular formula you first find the M, of the
empirical formula:

M, CH,0 =12+ (2x1)+16
=30
40

element carbon hydrogen oxygen
mass/g 0.34 0.057 0.46
amount/ 0.34 0.057 0.46
mol 12 1 16
= 0.028 0.057 0.029
ratio of 0.028 0.057 0.0
elements 0.028 0.028 0.
(divide by
the lowest)
= 1.0 2.0
Table 2
Step 3 Since the M, of the carb8 @ s 180, if you
divide 30 into 180, th wer wil 9% how many

times you need to mult
the molecular form

he empiricCe

QUESTION

10. a. Find the empirical formula of a
compound containing 84 g magnesium

and 56 g oxygen.

. 3.36 g of iron combine with 1.44 g of
oxygen to form an oxide of iron. What
is its empirical formula?

. A compound contains, by mass,
20.14% iron, 11.51% sulfur, 63.31%
oxygen and 5.04% hydrogen. Find its
empirical formula.

. A hydrocarbon contains 82.8% by
mass of carbon. Find its empirical
formula. (Hint: what types of atoms are
hydrocarbons made from?)

. Another hydrocarbon has a relative
molecular mass of 28 and contains 85.7%
by mass of carbon and 14.3% by mass of
hydrogen. Calculate its empirical formula
and its molecular formula.
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Chemical equations

(g) means the gaseous state

(ag) means aqueous, that is, in aqueous (dissolved in
water) solution

As an example, sulfur burns in oxygen to produ
sulfur dioxide. This is how you write the reactio
chemical formulae:

reactants product
S(s)+0,(8) — SO,L

Figure 12 Model of a glucose molecule which has the empirical formula -~ Sulfur dioxi
CH., 0. The molecular formula C;H, O, The grey spheres represent trioxide. e chemical formulae to write the
carbon, the white are hydrogen and the red are oxygen atoms. rgp ctiamilike this:

SO, (g) +0,(g) = SO4(g)

Is¥his edWation balanced? There is one sulfur atom on
the Iéfpand one on the right. But there are four oxygen
atoms on the left and only three on the right. So the @
quation needs to be altered so that it is balanced.

A SO, molecule is made from one S atom and two O
atoms. A SO, molecule is made from one S atom and
three O atoms. So one extra O atom is needed to make
SO, rather than SO,. One oxygen molecule is made
from enough oxygen atoms to react with two molecules
of sulfur dioxide and produce two molecules of sulfur
trioxide. So we can now write a balanced equation:

250, (g) + O,(g) — 2S0;(g)

ical equations
quation is a shorthand way of writing
reaction. The equation uses chemical
form@lae for the reactants and the products.

mulae use letter symbols to represent the elements
and numbers to show how many atoms of each
element are involved.

A chemical equation can also include the state of
reactants and products:

(s) means the solid state Figure 13 The manufacture of sulfuric acid includes two
oxidation reactions: SO, (g) + O,(g) = SO, (g) and
() means the liquid state 250,(9) + 0,(g) = 250;(9)¢.
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2 AMOUNT OF SUBSTANCE

This is a very simple equation. Others are more
complicated, but the basic procedure is the same.
Take it step by step and you should have no problems.

12. Write balanced symbol equations for the
reactions a—e, and include state symbols.

Balancing chemical equations is trial and error. With a. iron(lll) chloride + ammonia in water —

each step you take, you need to check whether you iron(lll) iron(Ill) hydroxide + ammonia chloride
need more steps to rebalance the equation. Worked b. copper(ll) carbonate + hydrochloric acid —
example 11 shows how to balance the equation for copper (1) chloride + carbon dioxide + water

ammonia burning in oxygen. c. sodium hydroxide +

phosphoric acid(H,PO,) —
Worked example 11 sodium phosphate +

. o
NH, + O, — NO, + H,0 water (phosphate is PO,*")

. . . . d. iron + chlorine — iron(1lI chl
Look at nitrogen. There is one atom on either side, so

the nitrogen balances. e. copper(ll)) oxide + sulfurj
copper(ll) sulfate + wat
Look at hydrogen. There are three atoms on the left

and two on the right. Use two ammonia molecules and
three water molecules to give six hydrogen atoms on

each side:

l s and moles

ons e you to calculate the
s and the masses of products
reaction.

2NH; + O, — NO, + 3H,0

Now the nitrogen is unbalanced, so double the
nitrogen dioxide [nitrogen(lV) oxide] on the right:
2NH; + O, — 2NO, + 3H,0

Now check on the oxygen. There are two atoms on the
left and seven on the right. First of all, double both
sides to get even numbers:

O, (s) + 2HCI(aq) — CaCl,(s) + CO,(g) + H,O(l)

y out the reaction without leaving a surplus

4NH; + 20, — 4NO, +6H,0 of either reactant, one mole of CaCO, is needed for
The nitrogen and hydrogen are still balance u every two moles of HCI. So you can write the moles in
have 14 oxygen atoms on the right, so younee@hsev the reaction as:

oxygen molecules on the left: .
xve . 1 mol CaCO; reacts with 2 mol HCI to produce

4NH; + 70, — 4NO, + 6H. 1 mol CaCl, + 1 mol CO, + 1 mol H,0
Add state symbols: But since you can calculate the mass of a mole, you
4NH, (g) + 70, (g) — 4N n 2) can take a given mass of calcium carbonate and work

out exactly what mass of hydrochloric acid in solution
reacts with it. You can also calculate the mass of each
product that is made.

Calcium carbonate decomposes when it is heated in
QUEST a furnace to make calcium oxide, sometimes called
quicklime.The simple equation is:

1 quations a-e: CaCO,(s) — CaO(s) + CO,4(g)
H(l) + O, (g) — CO,(g) + H,0(g) ’ ’
QAI(s) + NaOH(aq) — Na;AlO; (aq) + H, (g) This is a reversible reaction, but if the carbon
. €O, (g) + H,O(l) > C.H,,04 (aq) + O, (g) dioxide is allowed to escape, then all the calcium
d. CHs(€) + O, (g) — CO, (g) + H,0() carbonate decomposes.
e. Al(s)+H,S0, (I) - Al (SO,), (aq) + So, one mole of calcium‘ carbopate breaks down
SO, (g) + H,0()) to give one mole of calcium oxide and one mole of

carbon dioxide.
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Chemical equations

Calculating the mass of product formed Step 2 Calculate the M, for the substances involved in
the question.
Worked example 12 (4: Cu63.5;C12,016)
How much calcium oxide could be obtained from M, CuCO, = 63.5+12+ 48
i ?
800 kg of calcium carbonate? _ 1235
Step 1 Write a bal d tion:
ep rite a balanced equation M. CuCl, = 63.5+71
CaCO;(s) = CaO(s)+ CO,(g) 1345

Step 2 Calculate the M, for the calcium carbonate and Step 3 Calculate th les of CUCQ
calcium oxide: ep alculate the moles of Lu @
moles CuCO; = mass ()

(4:Ca40;,C12,016)

M;
M, CaCO; = 40 +12 + 48 = 100 i
M, CaO = 40 +16 = 56 T 1235
Step 3 Calculate the moles of CaCO; used: = mol
moles — Mass of CaCo;(s) Step 4 Us qu to find the moles of CuCl,
M, produce
3
- 800x10° nol QUCO, ol CuCl, ;
100 0 0, — 0.2mol CuCl,
= 8000 mol CuB9.5; Cl 35.5)

Step 4 From the equation, find the moles of calci

oxide produced: M, l, =63.5+(2x35.5)=134.5

1 mol CaCO, produces 1 mol CaO tep 5 Convert the moles of CuCl, into mass (g)

8000 mol CaCO; produces 8000 mol Ca mass (g) = moles x M,

=0.2x1345

=268¢g
(Maths Skills 2.1, 2.2, 2.3, and 2.4)

Step 5 Convert the moles of calcium ei (e

Mass (g) = moles x M,
= 8000 x56

=448000¢ Percentage yield
Mass = 448 kg Example 2 showed that 800 kg of calcium carbonate
could produce 448 kg of calcium oxide. This is
called the theoretical yield. The reality is that
although industries strive to achieve the maximum
yield possible and make the maximum profit, it is
never possible to achieve the theoretical yield.
Calcium carbonate only decomposes when the
ofjed mple 13 temperature is over 1000 °C. The reaction is also
reversible so complete decomposition depends on
the carbon dioxide escaping. Some calcium oxide
may be lost when transferring it from the kiln to the
next stage.

(Maths Skills 24%2.2'R.3, and 2.4)

ing masses

Copper carbonate reacts with hydrochloric acid

0 produce copper chloride. What mass of copper
ride is made when 24.7 g copper carbonate react

with excess acid?

The mass of product actually obtained is called the

Step 1 Write a balanced equation: > )
actual yield. It can only be found by actually doing the

CuCO; (s) + 2HCI(aq) — CuCl, (aq) + H,O(1) + CO,(g)

43
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2 AMOUNT OF SUBSTANCE

reaction. Percentage yield is used to express how close
the actual yield is to the theoretical yield.

actual yield

——————x100
theoretical yield

percentage yield =

Worked example 14

If 800 kg of calcium carbonate produced 314 kg
of calcium oxide in an actual process, calculate the
percentage yield.

Step 1 Calculate the theoretical yield from
the equation:

CaCO;(s) = CaO(s)+ CO,(g)
800 kg calcium carbonate can produce a theoretical

yield of 448 kg calcium oxide (from calculation in
Worked example 12).

actual yield

—— 7 -~ __x100
theoretical yield

Step 2 percentage yield =

_ 314
T 448

=70.0%
(Maths Skills 0.2, 2.1, 2.2, 2.3, and 2.4)

x 100%

Percentage atom economy

Chemists have traditionally measured the efficien
a reaction by its percentage yield. However, is
half the story because many atoms in the

p t

are not needed in the product. They m u
waste or side products.

Percentage atom economy is a
maximum mass of a productha b

pare the
btained

igure 14 In the cement kiln, calcium oxide is heated with silicon
dioxide and aluminium oxide at 1400 °t Calcium sulfate is added
to the produce from the kiln and the mixture is then ground to the
fine grey powder you probably know as Portland cement. Cement
manufacturers are actively researching ways to increase their
percentage atom ecomony.

44

with the mass of the reactants. It is calculated from
the equation:

percentage atom economy

molecular mass of desired product

= x 100
sum of molecular masses for all reactants

Developing chemical processes with high atom
economies can have economic, ethical and
environmental benefits for industry and the socie

it serves.
@

Copper can be extracted by heating co
with carbon as in the equation:

2CuO(s)+C(s) = 2C

mole (12 g) of carbon!.
added in these reactin etically, the

pper from 159 g of

reaction can prod
copper oxide rbon. So:

_ 127
percK y = 157%100

=74%

e reactio es 74% of the mass of the reactants
ve the product required. The remaining 26%

D as waste or side products, assuming the
tage yield is 100%. The reality is that the yield
be lower because the percentage yield is unlikely
to be 100%.

QUESTION

13. a. What theoretical yield of iron can be
obtained from reacting 320 tonnes of
iron(lll) oxide with carbon monoxide in
the blast furnace? The equation for the
reaction is:

Fe,O; (s) + 3CO(g) — 2Fe(s) + 3CO, (g)

b. If the actual yield in 13a is 200 tonnes,
what is the percentage yield?

c. What is the percentage atom economy
of the reaction in 13a?

d. Sulfuric acid is reacted with calcium
carbonate to produce calcium sulfate
for use in making plaster. Calculate
the theoretical mass of calcium sulfate
that can be made from 490 tonnes of
sulfuric acid.

These are uncorrected first proofs. The text and artworks are being thoroughly reviewed by subject experts and AQA. Any missing
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Chemical equations

e. If the actual yield is 550 tonnes

of calcium sulfate, calculate the
percentage yield. 14. Cracking can be used to produce alkenes

from alkanes. Decane can be cracked to give

f. Calculate the percentage atom economy e

for the reaction in 13d.

g. A student is extracting copper metal by CioHy, = CH, + CH;q
displacing it from copper(ll) sulfate using a. If only the alkene can be sold, what 4
zinc metal. She uses 23.93 g of copper percentage atom ecomony?
sulfate and obtains 4.76 g of copper. b. If both products can be sold,
What is the percentage yield? percentage atom ecomony?

MATHS ASSIGNMENT 2: GREEN CHEMISTRY
MS0.2;PS1.1,1.2,3.2

The ethos of green chemistry is that the chemical
industry must not adversely affect the environment
so that the environment is protected both now,
and for future generations. A key aim is to reduce
the production of waste. Taking into account the
percentage atom economy of industrial reactions
represents an important step towards reducing
waste from industrial processes. In fact, atom
economy is the key idea behind green chemistr;

Phenol is the starting point for making mgz Figure A2 Phenol is an important chemical. It is used to make
products. Its formula is C;H;OH . plastics, detergents and many other products.

method for manufacturing phenol
C¢H, , sulfuric acid and sodium
overall equation for the reacti

CeHs () + H,SO, (aq) + 2

of nail polish removers. So, by manufacturing
phenol using an alternative reaction it is possible
to generate another product that is useful, which
means there is no waste.

,505(aq) + 2H,0(l) Questions

uld yield 1 mol A1. What is the percentage yield of phenol when
ice, 1 mol of benzene it is manufactured from benzene, sulfuric
acid and sodium hydroxide?

So, 1 mol of be
of phenol (94

A2. Calculate the percentage atom economy
for the production of phenol from benzene,
sulfuric acid and sodium hydroxide.

cedWALt present we do not have any uses for
ulfite. It creates serious problems for waste
dis@®sal, which adds to the costs.

A3. Calculate the percentage atom economy
when phenol is manufactured using propene.
Consider both products as desired.

better method is to manufacture phenol from
benzene and propene, CH,CHCH, . The reaction also
uses oxygen and the overall equation is:

A4. Explain why manufacturing phenol using
benzene and propene may be a better
method than using benzene, sulfuric acid

CgHs (1) + CH;CHCH, (1) + O,(g) — and sodum hydroxide.

C,H-OH(l) + CH,COCH; (I
HsOH () : 30 A5. How might percentage yield affect your

CH,COCHj; is propanone, which is commonly called answer to question A4?
acetone. It has many uses, including as a component

45
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2 AMOUNT OF SUBSTANCE

2.6 IONIC EQUATIONS

Ionic equations provide a shorthand way to show

the essential chemistry involving the ions in a reaction.

They enable you to make generalisations about a
reaction and to pick out the species that have lost or
gained electrons.

Working from a full equation to an ionic equation
Consider how to work out the ionic equation for

the reaction between hydrochloric acid and sodium
hydroxide that produces sodium chloride and water.

First write out the full equation:
HCl(aq) + NaOH(aq) — NaCl(aq) + H,O(l)

Now write the equation as ions and cancel the ions
that appear on both sides:

H'(aq) + CI" (aq) + Na" (aq) + OH" (aq) —
Na“(aq) + CI (aq) + H,O(l)

Water molecules are covalently bonded, so they forms
no ions.

The ionic equation is:
H"(aq) + OH (aq) — H,O(l)

The ions that have cancelled out are called spect

@

ions. They are not written in the final ionic gquat
Worked example 15 &
Write the ionic equation for the reaction\@etwegh zinc
and hydrochloric acid.

Step 1 First write out the ful @

Zn(s) + 2HCl(aq) — Zn H, (g

on as ions:

to glve the ionic equation:
Zng8) + 2H" (aq) — Zn** (aq) + H, (g)
In this reaction the zinc has been oxidised (it has

lost electrons) and the hydrochloric acid has been
reduced (the hydrogen has tgained electrons).

46

QUESTION

15. Iron displaces silver from silver nitrate
solution. The ionic equation is:

Fe(s) + 2Ag" (aq) — Fe’" (aq) + 2Ag(s)

What is the maximum mass of silver that
can be displaced using 9.52 g iron and

excess silver nitrate solution? (Ar: Fe ﬂ

Ag 107.9)
equations.

gss of 58.5 g.

Calculations from ionic equg
You can also calculate amount:

One mole of sodium ¢ )de has a

This is calculated as th s of a mol&of sodium
atoms plus the m am chlorine atoms
(23+35.5)g.

But s ide sts of sodium ions, Na* , and

the electrons lost or gained is
mass of 1 mol Na* is taken as the
as the mass of 1 mol sodium atoms. Similarly,
ss of 1 mol CI” is taken as the same as the
'of 1 mol of chlorine atoms.

Worked example 16

You can use an ionic equation to calculate an amount.
Zinc metal reacts with copper sulfate solution to
deposit copper metal. Calculate the mass of copper
that can be obtained from 130 g of zinc, using excess
copper sulfate.

Step 1 The chemical equation is:

Zn(s) + CuSO, (aq) — ZnSO, (aq) + Cu(s)
Step 2 Write the equation as separate ions:
Zn(s) + Cu”* (aq) + SO,> (aq) —

Zn** (aq)+ SO,” (aq) + Cu(s)

Step 3 Write the ionic equation:

Zn(s) + Cu’* (aq) — Zn’*(aq) + Cu(s)
Step 4 From the ionic equation:

1 mol zinc atoms — 1 mol copper atoms
so65¢g Zn - 63.5¢gCu

and, 130 gZn - 128 g Cu

You will meet many ionic equations in this course.
(Maths skill 0.2)
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Reactions in solutions

2.7 REACTIONS IN SOLUTIONS

A solution contains a solute dissolved in a solvent.

Water and ethanol are common solvents. The solute

dissolved in the solvent can be solid, liquid or gas.
Solutions in the home are commonplace. In fizzy
drinks, for example, the solutes are carbon dioxide,
which makes them fizzy, and other ingredients such
flavouring, colouring and sweeteners. The solvent is

as

water. In shampoo the solutes are detergent, perfume,

preservatives and other ingredients, which you can
read on the label, and water as the solvent.

You will use solutions in most of the practical work
that you do. You need to be able to do calculations
that involve concentrations. Concentration is
measured in mol dm™ . Occasionally, you may be
asked to calculate concentration in g dm™ .

To calculate concentration, you need to know:
» the mass of solute
» the volume of the solution.

Then you can use this equation:

moles of solute
volume of solution/

concentration/mol dm™ =

You may find it useful to use Figure 16, whe
77 = moles of solute

c = concentration(mol
v = volume(de)

Then:
n
C ( < Q
C
Volumetric &3
flask o0cm? 250 cm? 100 cm?
\\}
iscus
on mark \_>—
meniscus
\_ . w
meniscus
1 mol
solute B> M8 0.01 mol
solute e
Concentration 1T moldm™ T moldm= 0.1 mol dm™

Figure 15 Concentrations of solutions

Worked example 17

4 g of sodium hydroxide is dissolved in 1dm?® of
solution. Calculate its concentration in mol dm™.

M;NaOH =23 +16+1= 40

: _ 4
moles of NaOH in 4 g = %0
=0.1mol
Sincec =2
v
_o.1

concentration (mol dm’s) =

(Maths Skills 2.1 and

Worked e |
4 g of sodi

s@uti indi

O 0.1mol (from Worked example 17)

ide is dissolved in 250 cm®
centration.

C 0.25dm?®
concentration (mol dm’3) - 01
0.25
=0.025 mol dm™

(Maths Skills 2.1 and 2.2)

Cc v

Figure 16 The diagram can help to calculate the number of moles of
a solute, the concentration of solution and its volume.

e
QUESTION

16. Calculate the concentration of:

a. 0.98 g sulfuric acid dissolved in 1dm?
solution

b. 1.00 g sodium hydroxide dissolved in
1 dm?* solution

c. 1.00 g sodium hydroxide dissolved in
2 dm® solution

47
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2 AMOUNT OF SUBSTANCE

d.

e.

49.0 g sulfuric acid dissolved in 2 dm®
solution

49.0 g sulfuric acid dissolved in 250 cm®
solution

17. Calculate the number of moles of solute in:

a.

b.

500 cm® of 0.50 mol dm™ sodium
hydroxide solution

25 cm?® of 0.10 mol dm™ sodium
hydroxide solution

. 100 cm® of 0.25 mol dm™ hydrochloric

acid solution

. 10 cm® of 2.00 mol dm™ sulfuric

acid solution

. 2.00 cm® of 0.50 mol dm™ potassium

manganate(VIl) solution

Making a volumetric solution

When chemists carry out practical work to determine

unknown concentrations, they usually carry out a

titration, sometimes called a volumetric analysis.
They need to make a volumetric (or standard) solution.

A volumetric solution is one in which the precise

concentration is known. It involves dissolving a kno

mass of solute in a solvent and making the soluti
to a known volume.

48

&

To make 1dm?® of a standard solution of sodium
carbonate with a concentration of 0.1 mol dm™,

you first need to calculate the relative formula mass,

M, for Na,CO;

M, Na,CO; = (23x2) +12+ (16 x3) = 10

106 g is the mass of sodium carbonate we would
need to dissolve in 1 dm’ of solution to produce a
concentration of 0.1 mol dm.

To make 1 dm‘ of 0.1 mol dm solution, you
0.1x106 g of Na,Co; or 10..

QUESTION
18. a. What massmf so carbonate would
need to@e disS@lved in 250 cm® of

sol 0 standard solution of
\g néentratidf’0.100 mol dm=?
m of sodium carbonate in 18a

S olved in 100 cm® of solution,
wh@t would be its new concentration?

c. What mass of sodium carbonate
would need to be dissolved in 1dm®
solution to produce a concentration of
0.01mol dm=3?
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Reactions in solutions

REQUIRED PRACTICAL: APPARATUS AND
TECHNIQUES (PART 1)

(Practicals Skill 4.1, Apparatus and Techniques
a, d, e k)

Make a volumetric solution

This is the first part of the required practical activity
‘Make up a volumetric solution and carry out a simple
acid—base titration’ It gives you the opportunity to
show that you can:

» use appropriate apparatus to record (a) mass, (b)
volume of liquids

» use a volumetric flask, including an accurate
technique for making up a standard solution

» safely and carefully handle solids and liquids,
including corrosive, irritant, flammable and
toxic substances.

Apparatus

A volumetric flask, like the one shown in Figure P2,
is used to make solutions of known concentration
accurately. These solutions are called volumetric (0
standard) solutions.

Technique

To prepare a volumetric solution a known

of moles of solute must be dissolve i
water and the solution made up to a
Occasionally other solvents are

Preparation involves weighing a || cgiitainer
such as a weighing bottle ) easuring
the required mass of d ififo it. The number
of moles can be calc@i@ted e mass and the
relative molecul r fOlmula mass of the compound.

The compouggene to be transferred quantitatively,

; rless, hydroscopic
, lumps, or pellets. Highly
corrosive! Causes severe
ye, skin, and respiratory
tract burns. Repeated skin
contact can cause
dermatitis. Reacts with water
producing excessive heat.

CAS No. 1310-73-2

4

Figure P1 Hazard cards give the information you need to
complete a risk assessment.

ors will be rectified.
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Figure P2 \blumetric flasks come in a
range of sizes. The graduation marajs
on the neck of the flask. The tem, l
for which it is graduated is also sh
on the flask.

funnel in the neck of a volumetric flask. Théd
is tipped or poured in and any remainimSy
container is washed in using a wash
deionised water.

It is important to dissolve the und completely

before filling the flask to, mark with
water. Typically, the flas illed}fo about one-third
and the conten irled u € compound

dissolves. More is added, swirling the

horough mixing, until the

flask regular en
solution is m below the flask’s graduation
onised er is then added drop-by-drop
tto the meniscus is just level with the
jorfgark, as shown in Figure P3. With the

Id in place, the flask is repeatedly turned up
an n until the solution is thoroughly mixed.

meniscus

graduation mark Q i :1
‘f

volumetric flask \

Figure P3 The bottom of the meniscus must be level with the
graduation mark.

An alternative method is to dissolve the compound in
water in a beaker then transfer the solution to the flask.
This is better if the compound is difficult to dissolve

and may need warming. If it is warmed to dissolve the
compound, the solution must be allowed to cool to room
temperature before transferring to the volumetric flask.

P1. Why can 100 cm® of a liquid be measured
more accurately in a 100 cm® volumetric
flask than in a 100 cm® measuring cylinder?

P2. Look at the design of a volumetric flask. Why is
the graduation mark in the neck of the flask?

P3. A solid is added to a beaker containing water.
The mixture is heated to dissolve the solid.
Why must the solution be allowed to cool to
room temperature before transferring it to a
volumetric flask and making it up to volume?
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2 AMOUNT OF SUBSTANCE

Finding concentrations and volumes 1 mol HCI reacts with 1 mol NaOH
of solutions

Sodium hydroxide reacts with hydrochloric acid in a
neutralisation reaction:

NaOH(aq) + HCl(aq) — NaCl(aq) + H,O(l)

Therefore, there must be 1.98 x 10~® mol NaOH in
25.0 cm of the sodium hydroxide solution.

If there are 1.98 x 107> mol NaOH in 25.0 cm?, then
the moles in 1dm® are:
If you add the precise amount of hydrochloric acid

. . . . s 1000
required to neutralise the sodium hydroxide, the 1.98 107 x —¢
resulting solution will contain only sodium chloride
and water and have pH 7. This procedure is called

= 0.0792 mol NaOH

a titration. Therefore, the concentration of sodium hyd @
If you are given 0.100 mol dm™ hydrochloric acid solution = 0.0792 mol dm™.
(the standard solution) you can carry out a titration

to determine the concentration of a sample of Worked example 19
sodium hydroxide solution.

A burette is filled with 0.100 mol dm™ hydrochloric used as washing soda

acid. 25.0 cm® aliquots of the sodium hydroxide 0.100 mol dm™ hydr ic acid ne@@ed to react
solution are titrated against the acid. The volume of exactly with 25 ¢ ol dm™ sodium
acid required to neutralise each aliquot is called a carbonate solutj

titre. To improve reliability, a minimum of three titres .
within 0.Tcm are usually obtained and an average ou many moles of sodium

titre calculated. ed in the solution:

From the sample results in Table 1, you can now
calculate the concentration of the hydrochloric acid.

Here is the calculation:

25 cm® of sodium hydroxide solution is neutralisedge
19.80 ¢cm® 0.100 mol dm® hydrochloric acid. We @
need to calculate the concentration of the

x 107® mol Na,CO,

Step 2 From the equation

19.80 cm® 0.100 mol dm™ hydrochlorigeami 2HCI(aq) + Na,CO; (aq) — 2NaCl(aq) + CO,(g) + H,O(l)
contains
19.80 1 mol sodium carbonate reacts with 2 mol
——=—=x0.100 mol HCI hydrochloric acid.
1000 mo y
. Therefore, 5.5 x 107 mol Na,CO, reacts with
=1.98 10" mol HC 2x5.5x 107 mol HCl = 0.0110 mol HCI .
From the equation Step 3 To find the volume of 0.100 mol dm">
HCl(aq) + NaOH (aq) + H,O(I) hydrochloric acid containing 0.0110 mol HCI :
— 0.100 mol HCI in 1dm® 0.100 mol dm™
Titration 1 2 3 hydrochloric acid
hydrochloric acid
360 2380 155 21.40 0.0110 mol HCI in (10x0.0110) dm® of
0.100 mol dm hydrochloric acid
Tigf# /om® 2020 19.80 19.85 19.75 =0.110dm* =110 cm’
sed in mean No Yes Yes Yes Therefore, 110 cmof 0.100 mol dm hydrochloric

acid is needed to react with 25 cm of 0.220 mol dm

Mean titre = 19.80 cm® . i
sodium carbonate solution.

Table 1 Sample results for the titration of 25 cm® sodium (Maths Skills 0.1, 0.1, 2.1, 2.2, 2.3 and 2.4)
hydroxide solution against 0. 100 mol dm™ hydrochloric acid ’ ’ ’ ’
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Reactions in solutions

REQUIRED PRACTICAL: APPARATUS AND ]
TECHNIQUES (PART 2)

(Practicals Skill 4.1, Apparatus and
Techniques a, d, €, k)

Carry out a simple acid—base titration

This is the second part of the required practical activity
‘Make up a volumetric solution and carry out a simple — s
acid—base titration’ It gives you the opportunity to £
show that you can:

» use appropriate apparatus to record the volume

of liquids
[ By
» use laboratory apparatus for a titration, using
burette and pipette ~
» safely and carefully handle solids and liquids, 5 :
including corrosive, irritant, flammable and 3
A 25 cygs afife
€,

toxic substances. D
ite can measure between O and 25 cm?
accuracy of about 0.02 cm3. However, the reading is
e nearest 0.05 cm?3 by an experienced user or to

) 1°cm?3 by people who are less experienced.

Apparatus dl (¢

A pipette (Figure P4) is used to transfer an
accurately measured volume of liquid. A buregte

(Figure P5) is used measure accurately any ?» Th®solution is drawn up to just above the
volume with in its capacity. graduation line, the pipette removed from the

: solution and the outside of the pipette wiped with
Technique a tissue.

Using a pipette: » Controlling the release with the safety filler, the

» The pipette must be clean and d of solution is drained out until the bottom of the
the solution to be analysed d b red meniscus is level with the graduation line on the
into a clean, dry beaker. Thigkavoid$kpossible pipette. The tip of the pipette is touched on a
contamination of the ion. clean glass surface.

» A safety filler mu d © draw the solution » To empty the solution and run it freely into
into the pipetteglNeve up by mouth. The the conical flask ready for titration, the filler
tip of the pi € kst be below the surface of is removed. When the solution has emptied,
the solution@ging pi@ktted at all times. touch the tip of the pipette on the surface of the

solution in the flask. The pipette is designed to
deliver a known volume of solution and leave a
small amount in its tip, so it is important not to
blow out any solution remaining in the pipette.

Using a burette:

%0

» The burette must be clean and dry and clamped
vertically. Before use it should be rinsed with
three lots of about 10 ¢cm® to 15 ¢m® of the
volumetric solution.

» The volumetric solution is poured in through

Figure P4 Like a volumetric flask, a pipette is calibrated at a a funnel until it is 3 cm to 4 cm above the
fixed temperature (usually 20 °C ) and has a tolerance, eg. zero graduation.
25+ 0.06 cm™
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2 AMOUNT OF SUBSTANCE

\ this is the meniscus; the

— reading is 4.7 cm?

Figure P6 A burette has graduation lines for each 1 cm? quantity.
Each 1 cm? is subdivided into O. 1 cm? sections. Read the burette
with your eye level with the bottom of the meniscus. A\

» The solution is run out, making sure that there
is no trapped air bubble below the tap, until
the bottom of the meniscus is just level with
the 0.00 cm® mark. If it falls below this mark it
does not matter, but the burette reading must —
be recorded.

?» To record a burette reading your eye should be
level with the meniscus and the reading taken

at the bottom of the meniscus (Figure P6). A Figure P7 Carryin 'oMbiccurately requires care and
piece of white card held behind it can make the practice. 4
meniscus easier to see.

Carrying out a titration: Que S

» The volumetric solution is added from a burette . Which a@paratus will measure 20 cm3 with
in 1-2 cm3 amounts, swirling the flask between reater precision: a 20 cm? pipette or a
additions. As the end point gets closer, the colour cm3 burette?

takes longer to change. . e .
& & xplain why a ‘rough titration’ is carried

» The burette reading is recorded when ol out and why its value is usually ignored
change is permanent (does not disappe e when taking an average of the repeated
the flask is swirled). It does not ma a titration values.

too much is added. This is a ‘rough@itrati Stretch and challenge

» The titration is repeated, bu
volumetric solution is ad ci® at a time,
swirling the contents ofgfifie f oughly
after each addition, @tiNis within 2—3 cm3 of
the ‘rough’ titratioMAt this@wint the solution
is added drop til the end point is
reached. Thi repeated again.

P6. You will often find that a 50 cm3 burette is
used for titrations and the concentration of
the volumetric solution for routine analyses of
similar samples is adjusted so that each titre
is between 20 cm?3 and 25 cm3. Why do you
think this is?
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Reactions in solutions

PRACTICAL ASSIGNMENT 3: HOW ACCURATE ARE YOUR TITRATION RESULTS?
MS1.1,1.2,1.3; PS 2.1, 2.3, 4.1

There are two sources of error in a
titration experiment.

» Procedural errors: errors due to the way the
experiment was carried out. These are errors that
can be avoided with care and practice.

» Apparatus errors: errors due to the limitations
of precision of the apparatus used. These
limitations are due to the manufacturing of the
apparatus and are usually printed on the side
of glassware.

A top-pan balance may measure mass in grams

to two decimal places (to the nearest 0.01 g). The
second decimal place is an approximation of the
third decimal place. So, a reading of 2.56 g may be
anything between 2.555 g and 2.564 g. This means

X ) . iguge ASQuis 250 cm volumetric flask has an error of
that the second decimal place is uncertain and has 3 m
an error of £0.005 g .
A 250 cm® volumetric flask has an error of
+0.3 cm’. @
A 25 cm’ pipette has an error of £0.06 cm® . uestions

One drop from a burette has a volume g A1. Calculate the percentage error:

This is why all burette readings sh
decimal places and the second pl

a. on a 250 cm? volumetric flask

b. on a 25 cm? pipette

. on a burette reading of 24.00 cm?3
d

e

or 5.
Since measuring a volume e involves . on a balance reading of 55.60 g
two readings, the error easured from

. on a balance reading of 5.56 g

a burette is 2 x 0. 10¥cm

A2. Which has the bigger percentage error, a
Errors are oftenghr as percentage errors: .
larger or smaller balance reading?

A3. The overall percentage error for an

percentge experiment can be found by adding
together all the percentage errors for
error due to limitation of the the apparatus used. What is the overall
apparatus’s precision 150% percentage error for using a burette and a
reading taken using the 25 cm?3 pipette to carry out a titration?

apparatus

or example, to calculate the percentage error on a
balance reading of 3.69 g:

% error = 0.05 x 100

3.69
=1.36%
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Reactions in solutions

EXAM PRACTICE QUESTIONS

1. The metal lead reacts with warm dilute nitric
acid to produce lead(ll) nitrate, nitrogen
monoxide and water, according to the
following equation:

3Pb(s) + 8HNO, (aq) —
3Pb(NO;,), (aq) + 2NO(g) + 4H,0(l)

. In an experiment, an 8.14 g sample of lead
reacted completely with a 2.00 mol dm=3
solution of nitric acid. Calculate the volume,
in dm3, of nitric acid required for the
complete reaction. Give your answer to 3
significant figures.

. In a second experiment, the nitrogen
monoxide gas produced in the reaction
occupied 638 cm3 at 101 kPa and 298 K.
Calculate the amount, in moles, of NO
gas produced. (The gas constant R =
8.31 J K mol™)

. When lead(ll) nitrate is heated it

decomposes to form lead(ll) oxide, nitroge
dioxide and oxygen.

i. Balance the following equation t
shows this thermal decompositi

ii. Suggest one reason
nitrogen dioxide @i
an expected.

reaction is oftg @ !i
80 it is difficult

re sample of nitrogen
is reaction.

AQA Jan 2012 Unit 1 Q6

the field of
e this

iii.Suggest o
to obtaj
dioxi

d @ er was the first nitrogen

11is8 pe manufactured in Norway. It
as thg formula Ca(NO;), .
gessaltpeter can be made by the
reaction of calcium carbonate with
dilute nitric acid as shown by the
following equation:

CaCO;(s) + 2HNO; (aq) —
Ca(NO,),(aq) + CO,(g) + H,O(I)
In an experiment, an excess of powdered

calcium carbonate was added to 36.2 cm3
of 0.586 mol dm3 nitric acid.

rom

i. Calculate the amount, in moles, of
HNO; in 36.2 cm? of 0.586 mol dm~3
nitric acid. Give your answer to 3
significant figures.

. Calculate the amount, in moles,
of CaCO; that reacted with th
nitric acid. Give your answe
significant figures.

.Calculate the minim

=1

ii SS O

be added

iv.

b.
own by the following equation:
5),(S) = 2Ca0(s) + 4NO, (g) + O, (g)

g
a
& sample of Norgessaltpeter was
ecomposed completely. The gases

produced occupied a volume of

3.50 x 10~ m® at a pressure of 100 kPa
and a temperature of 31°C. (The gas
constant R = 8.31 J K-' mol)

i. Calculate the total amount, in moles, of
gases produced.

ii. Hence calculate the amount, in moles,
of oxygen produced.

. Hydrated calcium nitrate can be
represented by the formula Ca(NO,),.
xH,O where x is an integer. A 6.04 g
sample of Ca(NOy),.xH,O contains
1.84 g of water of crystallisation. Use
this information to calculate a value for x.
Show your working.

AQA Jun 2011 Unit 1 Q2

. An unknown metal carbonate, M,COyx,
reacts with hydrochloric acid according to
the following equation:

M, CO4(aq) + 2HCl(aq) —

2MCl(aq) + CO,(g) + H,0(l)

A 3.44 g sample of M,CO; was dissolved in
distilled water to make 250 cm? of solution.
A 25.0 cm3 portion of this solution required
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2 AMOUNT OF SUBSTANCE

33.2 cm3 of 0.150 mol dm=3 hydrochloric
acid for complete reaction.

i. Calculate the amount, in moles, of
HCl in 33.2 cm?3 of 0.150 mol dm3
hydrochloric acid. Give your answer to
3 significant figures.

ii. Calculate the amount, in moles,
of M, CO; that reacted with this
amount of HCI. Give your answer to 3

significant figures.

iii. Calculate the amount, in moles, of
M,COy in the 3.4 g sample. Give your

answer to 3 significant figures.

iv. Calculate the relative formula mass,
M,, of M,COx. Give your answer to 1
decimal place.

v. Hence determine the relative atomic
mass, A, of the metal M and deduce
its identity.

b. In another experiment, 0.658 mol of CO,,
was produced. This gas occupied a volume
of 0.0220 m3 at a pressure of 100 kPa.
Calculate the temperature of this CO,, and
state the units. (The gas constant R =
8.31 JK ' mol)

c. Suggest one possible danger when
metal carbonate is reacted with an i
a sealed flask.

d. In a different experiment, 6.27 g of
magnesium carbonate was addaghto

an excess of sulfuric aci 1lowitg
reaction occurred:

MgCO; + H,SO, %: ,+H,0
. o

ction assuming a 95% yield.
AQA Jan 2011 Unit 1 Q3

n thi estion give all your answers to 3
ificant figures.

Magnesium nitrate decomposes on
heating to form magnesium oxide, nitrogen
dioxide and oxygen, as shown in the
following equation:

2Mg(NO,),(s) — 2MgO(s) + 4NO,(g) + O,(g)

56

a. Thermal decomposition of a sample of
magnesium nitrate produced 0.741 g of
magnesium oxide.

i. Calculate the amount, in moles, of MgO
in 0.741 g of magnesium oxide.

ii. Calculate the total amount, in moles,
of gas produced from this sample of
magnesium nitrate.

b. In another experiment, a different sa
of magnesium nitrate decompose
produce 0.402 mol of gas. Calcylate t
volume, in

dm3, that this gas would o K
and 1.00 x 10° Pa. (The g% t
R=8.31J K mgl!

c. A0.0152 mol s of magnes
oxide, produ om ecomposition

of magne was reacted with
hydrochl@ric aci
% MgCl, + H,O
a e the amount, in moles,

Ic
OfBICI rfeeded to react completely
with*the 0.0152 mol sample of
magnesium oxide.

. This 0.0152 mol sample of magnesium
oxide required 32.4 cm?3 of hydrochloric
acid for complete reaction. Use this
information and your answer to part ¢
i) to calculate the concentration, in mol
dm‘3’ of the hydrochloric acid.

AQA Jun 2010 Unit 1 Q3

5. a. An acid, H,X, reacts with sodium
hydroxide as shown in the
following equation:
H,X(aq) + 2NaOH(aq) —

2Na*(aq) + X2 (aq) + 2H,0())

A solution of this acid was prepared by
dissolving 1.92 g of H,X in water and
making the volume up to 250 cm3 in a
volumetric flask.

A 25.0 cm3 sample of this solution

required 21.70 cm3 of 0.150 mol dm—3

aqueous NaOH for complete reaction.

i. Calculate the number of moles of
NaOH in 21.70 cm3 of 0.150 mol dm=3
aqueous NaOH
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. Calculate the number of moles of H,X
which reacted with this amount of
NaOH. Hence, deduce the number of
moles of H,X in the 1.92 g sample.

iii. Calculate the relative molecular mass,
M,, of H,X.
. Analysis of a compound, Y, showed that
it contained 49.31% of carbon, 6.85% of
hydrogen and 43.84% of oxygen by mass.
(The M, of Y is 146.0)

i. State what is meant by the term
empirical formula.

ii. Use the above data to calculate the
empirical formula and the molecular
formula of Y.

. Sodium hydrogencarbonate
decomposes on heating as shown in the
equation below:

2NaHCO,(s) —»
Na,COx4(s) + CO,(g) + H,O(g)

A sample of NaHCO; was heated until

352 cm? at
1.00 x 105 Pa and 298 K.

i. State the ideal gas equation an
to calculate the number |
formed in this decomposit
constant R = 8.31J

ii. Use your answer fro
calculate the
has decom
unable t
moles
assu

@ , C3H5N; O, is an explosive

Onation, decomposes rapidly to
arge number of gaseous molecules.
uation for this decomposition is:

sHeNZOg(l) —
12CO,(g) + 10H,0O(g) + 6N, (g) + O,(g)

a. A sample of nitroglycerine was detonated
and produced 0.350 g of oxygen gas.

C
h
ol”
rt c)
h
Y/

to
COq that
S have been
cu number of
in part ¢) i), you should
his t 0.0230 mol. This is
ect value.)

orm

i. State what is meant by the term one
mole of molecules.

M .
\g
M
completely decomposed. The CO, forme Clylaqg) + H,0() + CO,(g)
in the reaction occupied a volume of a. What is the maximum yield of magnesium

Reactions in solutions

ii. Calculate the number of moles of
oxygen gas produced in this reaction,
and hence deduce the total number of
moles of gas formed.

iii. Calculate the number of moles, and th
mass, of nitroglycerine detonated.

b. A second sample of nitroglycerine w.
placed in a strong sealed container
detonated. The volume of this i
was 1.00 x 1073 m3. The res
decomposition produced
0.873 mol of gaseous pr

cts al'a
e ideal

preparation of tofu.
ide can be prepared in the
g the reaction:.

+ 2HCl(aq) —

chloride that can be obtained from 8.4 g
magnesium carbonate?

b. If the actual yield is 6.3 g, what is the
percentage yield?
. State one reason why the percentage yield

is less than 100%.

. What is the percentage atom ecomony for
the reaction?

. Give one advantage of using a reaction
with a high atom ecomony in the
chemical industry?

8. Students were determining the concentration
of a sample of hydrochloric acid by
titrating it against 0.100 mol dm3 sodium
hydroxide solution.

a. A pipette was used to transfer 25 cm3
sodium hydroxide solution into a conical
flask. Explain how the students could use
phenolphthalein indicator and a burette to
carry out the titration.

. State the changes that they would need to
make in the procedure if they used a pH
probe instead of an indicator.
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Reactions in solutions

d. A different brand of vinegar, X, was changes in pH when vinegar X was titrated
similarly tested. This brand was found to against the same concentration of sodium
contain a higher concentration of ethanoic hydroxide solution. Label the second curve
acid. Copy the pH titration curve in Figure ‘Vinegar X.

Q1 and add a second curve to show the

&

&
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