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1.1 Overview

This book emanated from a course given within Chemistry degrees of
the University of Southampton entitled ”Sustainable Chemistry”. This
was an optional course and could be taken by BSc students in their
third year level, MChem students variously in third or fourth years and
also by postgraduate students (MSc or MPhil). Mine was the first half,
more general section of the course. The course had a high uptake. The
majority of the assessment was through a two hour examination, but a
significant component was by two short literature projects. Within each
half of the course a small group (about 4 students) were given a topic
about which they would provide a joint report (a three page report as
a pdf file) and five-minute presentation to the class using PowerPoint
or pdf files.. The assessment was based on criteria for the report, the
presentation and by peer assessment of their colleagues contributions.
For this section of the course the topic was a particular element. For the
allocated element the supply, production, application, long-term hazards
and possible alternatives were to be addressed. The reason for this is
that it is a topic that needed to be owned by personal investigation.

This book is a substantial amplification of the 12-lecture slot half unit
so that it could provide a course book for a full semester unit. It is
based upon students having experience of undergraduate chemistry to
the second year. In principle sections could be extracted for use from
year 2, through graduating years to Masters level, depending on the ex-
perience of the cohort. The aim has been to marry chemical principles
and environmental context. For mainly experienced in chemical princi-
ples, it should provide routes to understand environmental consequences
and the demands of sustainability. For those coming to the topic with
aa strong interest in sustainability it will provide a chemical basis for
the causes of environmental impact and also guidelines for technologies
and lifestyles that should be sustainable.

I have included questions at the end of each chapter. If we consider
the elements of learning of learning as being knowledge, understanding,
application and evaluation, the bulk of the questions are on a combina-
tion of knowing something and understanding it well enough to tackle
a new situation. There are no ”write what you know about questions”.
This study guide provides reasonably full working through the questions.
In the latter chapters there is more of an element of evaluation, and this
is the approach for all of the queries in the last chapter. Wise evaluation
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Fig. 1.2 Energy levels of the valence orbitals of N2 (left) and NO (right).

is a necessary skill to enhance the Prospects for Planet Earth.

1.2 Chapter 1: Planet Earth

1. i) Draw an energy level diagram for the N2.

The N atom has a configuration of 1s22s22p3. The valence orbitals
might be expected to pair up in a dimer as:

σs
2σ*s

2σp
2πp

4π*p
0σ∗p0.

This follows the normal expectation of the energy difference of the σ
and σ* orbitals being larger than that of the π and π*. However, for
nitrogen there are other factors:

i) the energy separation between the 2s and 2p atomic orbitals is suf-
ficiently small to allow significant mixing between the σs and the σp

orbitals and
ii) the short N-N distance allows very strong π overlap.

Fig. 1.1 HOMO of N2

As a result, the ordering of the orbitals is: σs-p
2σ*s

2πp
4σp-s

2π*p
0σ∗p0.

The HOMO is shown in Fig 1.1. It is evident that the s-p mixing orients
the electron density away from the N-N bond. The energy level diagram
is shown in Fig. 1.2. The labelling is based on symmetry, starting with
the 1s orbitals forming in-phase (1σg) and out-of-phase (1σu) combina-
tions. The symmetry label of the ground state is 1Σg

+.
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Fig. 1.4 The energy levels of the valence orbitals on linear NO2
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ii) Derive the lowest energy allowed electronic transition of N2.
The smallest energy gap is the 3σg (HOMO) to 1πu (LUMO). However,
a g to g transition is not dipole allowed, and therefore the lowest energy
electronic transition could either be from 1πu to 1πg (a 1Σu

+ singlet
state) or 2σu to 1πg (a 1Πu state). In practice these transitions occur
just above 100,000cm-1 as part of a complex pattern.1.

1M. O. Vieitez, T. I. Ivanov, W.
Ubachs, B. R. Lewis, C. A. de
Lange,On the complexity of the absorp-
tion spectrum of molecular nitrogen, J.
Mol. Liquids, 2008, 141, 110-117

iii) Modify the energy level diagram to be appropriate for nitric oxide,
NO.

The effect on the energy level diagram of the differing electronega-
tivities in NO (Fig. 1.2) is to tilt the O atom energies below those of
nitrogen. Now the molecule has no centre of symmetry, and thus the
g and u labels are invalid. Thus the only symmetry distinction shown
in these orbitals is between σ and π. The highest fully occupied orbital
is similar in nature to that of N2, but the amplitude is more on the
nitrogen (Fig. 1.3). This is followed through with the character of the
π*singly-occupied molecular orbital (SOMO), which also is significantly
localised on the less electronegative N atom.

Fig. 1.3 The singly occupied molecular
orbital (SOMO) (top) and highest en-
ergy doubly-occupied (bottom) orbitals
of NO. N atom on the left.

iv) Derive the lowest energy allowed electronic transition of NO
The ground state term symbol of this configuration with one unpaired
π* electron is 2Π. The absence of a centre of inversion symmetry also
removes restrictions evident for N2 on the dipole-allowed transitions.
Hence the π* (2π) to σ* (6σ) and σ (5σ) to π* (2π) are both allowed.
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The lowest energy set of lines occur in the region of 226-227 nm (ca.
44,000 cm-1 and are assigned as from the 2Π state to a 2Σ, with a trans-
fer fo the π electron to the higher σ orbital. Obviously this is much
lower energy than required for N2 given the starting point is π*.

ii) Draw qualitative molecular orbital energy level diagrams for these
two structures.

2. The species [NO2]n, where n = 1, 0 and -1, have all been identified
in the atmosphere.
i) By considering isoelectronic neutral molecules, propose structures for
the cation and anion.
The nitronium ion, [NO2]+, is isoelectronic with CO2, and hence we
would expect it also to adopt the same, linear, structure. On the other
hand the nitrite anion, [NO2]-, is isoelectronic with ozone, and thus is
expected to have a bent structure.

For both structures, in terms of counting orbitals, the oxygen 2s or-
bitals can be considered to be low in energy and form bonding, and
non-bonding combinations deeper in the orbital stack than those which
are predominantly of 2p character.
Linear structure: If we take the internuclear axis, which is the principal
axis in symmetry terms, to be z, then each atom will have a 2pz orbital,
as well as the carbon 2s that can interact to form bonding, non-bonding
and antibonding combinations. Similarly the six 2px and 2py will also
interact to form π bonding, non-bonding and antibonding combinations
in degenerate pairs (Fig. 1.4). We can anticipate that the σ interactions
are stronger than the π ones, as a result, the frontier orbitals are of π
character (Fig. 1.5). The HOMO pair are localised on the oxygen atoms
and are π non-bonding. The LUMO pair are delocalised overall all three
atoms and have π* character.
Bent structure: A significant effect of the bending at the nitrogen atom
is to create space that is ascribed to a lone pair on the nitrogen atom.
The nitrogen can be said to change from sp to sp2 hybridisation. Den-
sity functional calculations show that the HOMO does have s-p mixing
at nitrogen giving some lone-pair characteristics (Fig 1.6). But this is
mixed with oyxgen 2p orbitals. The LUMO is also π* in character.

Fig. 1.5 One of the pairs of LUMOs
(top) and HOMOs (bottom) of NO2

+.

iii) Propose a structure for NO2, giving your reasons.

Fig. 1.6 The LUMO (top) and HOMO
(bottom) of NO2

-.

The expectation would be that the single electron in NO2 would desta-
bilise the linear structure of the cation; in the linear structure it would
occupy a π* orbital, but be more non-bonding in character in a bent
structure. The most stable structure is calculated to be 134o (Fig. 1.7),
which also matches the experimental value. If we take the sum of the
orbital energies of the top 3 electrons - the odd electron and the electron
pair just below it, then we get reasonably close to that curve. The down-
wards slope with decreasing bond angle can indeed be described by the
behaviour of the singly occupied orbital (Fig. 1.8). The upward curve
at low angles is effected by the pair just beneath the SOMO in energy.
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Fig. 1.7 Comparison of the ∆Go calculated for NO2 with the sum of the energies of
the SOMO and HOMO pair

This would be the orbital that is the HOMO in NO2
+ (Fig. 1.5). This

is essentially non-bonding in character with a node through nitrogen.
As a result, it will be relatively insensitive to angle through much of the
bending course. However, as the angle reduces the two oxygen atoms
will interact, and the 2p orbitals are out of phase, and thus will give
some antibonding character (Fig. 1.9).
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Fig. 1.8 The energies of the SOMO and two HOMO electrons and their sum, for
NO2.

iv) What are the differences between the vibrational and rotational
properties of the three species?

Fig. 1.9 The LUMO (top) and SOMO
(bottom) of NO2.

Linear structure: For a linear structure there are just 2 rotational de-
grees of freedom and the number of vibrations will be given by 3N -5 =
4. It is a centrosymmetric structure, so will have no permanent dipole
moment, and thus no rotations will be dipole allowed. The vibrations
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will comprise two stretches and two bending modes. Of these one will
be IR inactive as it affords no dipole moment change: the symmetric
stretch. Just two vibrational frequencies will be evident: the antisym-
metric stretch, polarised along the z axis, and the degenerate pair of
bending modes, polarised perpendicular to the z axis. In the harmonic
oscillator model, the antisymmetric stretch can have associated rota-
tional structure when ∆J =± 1. In other words, there will be P and R
branches but no Q branch. The bending modes, polarised out of plane,
can display all three branches.

Bent structure: The bent structure will be characterised by 3 rota-
tional degrees of freedom, and also have a dipole moment. Hence there
will be a complex rotational spectrum being an asymmetric top molecule.
The 3 vibrational modes (Two stretches and one bend) will all be IR
allowed, and each will display complex rotational structure. Hence the
two structures can readily be distinguished. The spectra of nitrogen
dioxide and the nitrite will have qualitative similarities, but the differ-
ence in bond angles (115o for nitrite), bond lengths and strengths will
change them quantitatively. In terms of the global warming effect of
NO2 its non-linear structure means there are more transitions that can
contribute to its radiative efficiency.

3. Look up the exact masses of the isotopes of carbon and oxygen.
From these values, calculate the reduced masses (µ), moments of inertia
(I) the separation of the rotational transitions of 12C16O, 13C16O and
12C18O treated as a rigid rotor with ro 113.1 pm.

Isotopic masses: 12C 12.00000, 13C 13.00335, 16O 15.99491, 18O 17.9992.

Using Avagadro’s number to represent this in K kg (6.012214x1026),
the masses are: 12C 1.99265x10-26, 13C 2.15926x10-26, 16O 2.65602x10-26,
18O 2.98883x10-26.

Reduced masses: Using the equation

µ =
m1m2

m1 +m2
(1.1)

the values of µ for the three isotopomers can be calculated in SI units:
12C16O 1.3850x10-26, 13C16O 1.19101x10-26, 12C18O 1.95566x10-26 kg.

Moments of inertia: Using:

I = µr20 (1.2)

the values of I for the three isotopomers can also be calculated in SI
units: 12C16O 1.4633x10-46, 13C16O 1.52349x10-46, 12C18O 1.52932x10-46

kgm2.
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Rotational constant, B in m-1: Using:

B =
h

8π2Ic
(1.3)

which gives us line intervals (2B) of: 12C16O 3.844, 13C16O 3.674,
12C18O 3.661 cm-1.

Extension. It has been estimated that for 12C16O, ω̄e = 2169.74 cm-1

xe = 0.0061, Be = 1.924 and α = 0.018. Calculate the energies of the
first member of the P and R branches, P1 and R0. Determine the sepa-
ration between these lines.

For the first vibrational transition,:

ε1 − εo = ω̄e(1− 2xe) = 2169.74(1− 2 ∗ 0.0061) = 2143.3cm−1 (1.4)

From:

Bν = Be − α(ν +
1

2
) = 1.924− 0.018(ν +

1

2
) (1.5)

then Bo = 1.915 and B1 = 1.897cm-1

From:

∆εJ,ν = ω̄e(1− 2xe) +B1J
′(J ′ + 1)−BoJ”(J” + 1)cm−1 (1.6)

For the R branch, ∆J =+1 and J’ = J” + 1, so:

∆ε = ω̄e(1− 2xe) + (B1 +Bo)(J” + 1) + (B1−Bo)(J” + 1)2cm−1 (1.7)

For the P branch, ∆J =-1 and J” = J’ + 1, and then:

∆ε = ω̄e(1− 2xe)− (B1 +Bo)(J
′ + 1) + (B1 −Bo)(J ′ + 1)2cm−1 (1.8)

Hence the first R branch is expected at 2143.3+2x1.897 = 2147.1 cm-1

and the first P branch is expected at 2143.3-2x1.915 = 2139.4 cm-1, the
separation being 7.6cm-1.

4. i) How many IR modes would you predict for the CHFCl2 (HFC-
21)?

For a penta-atomic molecule, the number of vibrations will be given
by 3N -6 = 9.

ii) How many stretches and bends do you predict?

There are 4 bonds and so 4 stretching modes, leaving 5 for the bend-
ing motions etc.
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iii) Which of these modes are likely to contribute very significantly to
the radiative efficiency of HFC-21?

The 4 stretching modes will come from C-H, C-F and C-Cl stretches.
There will be symmetric and antisymmetric C-Cl. stretching modes. We
can anticipate that these would occur in the following regions:
C- H ca. 3000, C-F ca. 1200, C-Cl ca. 800 cm-1.
The bending modes are lower in energy (by a factor of 2 or more gener-
ally).

From Fig. 1.21 in chapter 1, we can see that the regions with most
intensity available in the troposphere are 300-600 and 750-1500 cm-1.
Only the C-H stretch falls outside that range. The C-F and C-Cl bonds
would be expected to be polar and as a result, there will be a substantial
dynamic dipole. The H atom is expected to be electropositive because
of the halogens attached to carbon, so any bending motion involving it
and the halogens is also likely to have a high dynamic dipole. Hence
HFC-21 is expected to have a high radiative efficiency.

5. i) The principal contributions to the radiative efficiency of chloro-
form, CHCl3, have been reported to be in two infrared regions: 720-810
cm-1 and 1175-1255 cm-1. [The absorption cross sections in these two
regions are reported to be 4.13x10-17 and 0.561x10-17 cm2molecule-1cm-1,
respectively. Assign the vibrational modes that are responsible for these
absorptions.
CHCl3 will also exhibit 4 stretching and 5 bending modes. One stretch-
ing mode, the C-H, will have an energy outside these ranges. The 3
C-Cl bonds afford a symmetric stretching mode polarised along the C-
H axis, and a degenerate pair of modes polarised perpendicular to this
axis, which are the asymmetric stretches. We expect these to be in the
720-810cm-1 range and, being polar bonds, have a high cross section.
The C-H bond can participate in H-C-Cl bending modes, which will
also be degenerate and polarised perpendicular to its normal axis. This
is responsible for the 1175-1255 cm-1 cross section.
Extension. CHCl3 has the C3v point group. In that, the IR active
modes can either be of a1 (z polarised) or e (x,y polarised) symmetry.
The symmetric and asymmetric C-Cl stretches are a1 and e symmetry,
respectively (The C-H stretch is also an a1 mode.). The C-H bending
mode is of e symmetry. There remain 3 more bending modes, which are
Cl-C-Cl in nature (a1 and e symmetry), and will be anticipated to be
below 400 cm-1.

ii) The radiative efficiency of CHCl3 was estimated to be 0.070 Wm-2ppb-1.
Predict the order of the radiative efficiencies for CH3Cl, CH2Cl2, CHCl3
and CCl4.

To different proportions, the three hydrochlorcarbons will have IR
cross sections emanating from C-Cl stretches and H-C-Cl bends. The
former have the higher cross cross sections. So it would be expected
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that the more hydrogenaceous molecules will exhibit radiative efficien-
cies which are less than 0.070 Wm-2ppb-1, with the value of CH3Cl <
CH2Cl2. CCl4 will be expected to have a radiative efficiency that is
in excess of 0.070 Wm-2ppb-1. The reported values are: CH3Cl 0.004,
CH2Cl2 0.028, CHCl3 0.070 and CCl4 0.174 Wm-2 ppb-1.2 2T. J. Wallington, B. P. Pivesso,

A. M. Lira, J. E. Anderson, C. J.
Nielsen, N. H. Andersen, Ø. Hod-
nebrog, CH3Cl, CH2Cl2, CHCl3, and
CCl4: Infrared spectra, radiative ef-
ficiencies, and global warming poten-
tials, J. Quant. Spectro. Radiat.
Transf., 2016, 174, 56-64.

iii) The lifetimes in the atmosphere of the same chlorocarbons are re-
ported to be 1.0, 0.4, 0.4, and 26 years, respectively. Propose the order
of their Global Warming Potentials.

Having the highest radiative efficiency and longest lifetime, CCl4 will
be expected to have the highest global warming potential. The other
clearcut order is CHCl3 > CH2Cl2. It is unclear where CH3Cl lies in
having a longer lifetime than the two other hydrogen containing mem-
bers of the series, but the lowest RE. In fact it does have the lowest value.
Estimates for GWP(20-yr) relative to CO2 are: CH3Cl 17, CH2Cl2 29,
CHCl3 54 and CCl4 3570.

6. i) The electronic absorption spectrum of ozone, O3, in the visible
and near IR region exhibits bands peaking near 16500 cm-1 (600nm) and
much weaker bands peaking over 10000-12000cm-1. Propose transition
types that are responsible to these absorption bands.

The energy level diagram in chapter 1, Fig. 1.19, and orbital drawing,
Fig. 1.20, indicate that the lowest energy transition is the HOMO to
LUMO (π*). This could be either spin-forbidden (to a 3O3 state) or spin
allowed, maintaining a singlet spin state. The spin-forbidden transition
would be expected to provide the weaker bands.

ii) In the UV region, above 30,200 cm-1, other transitions occur which
create new chemical species. What type of process occurs? Identify the
products.

The higher energy would be expected to be able to induce photolysis
of an O-O bond. The new products will be O2 and atomic O.

iii) Propose two allowed conversions that could occur, and indicate
which would be expected to be the major channel.

There are two processes which maintain the overall singlet spin state
and thus are spin allowed:

1O3 + hν =3 O2(3Σ−g ) +O(3P ) (1.9)

and:
1O3 + hν =1 O2(1∆) +O(1D) (1.10)

Equ. 1.9 provides the ground states of atomic and molecular oxygen,
and is allowed centres are opposed in spin. Their combined energy is
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slightly below that of the lowest excited state of 3O3, and with a rela-
tively small energy barrier to dissociation of ca. 1 - 2 stretching vibration
energies. thus the secondary effect of the low energy transitions will be
dissociation to the ground state species (Equ.1.9); these can recombine.

The alternative pathway, Equ. 1.10, would afford both molecule and
atom in excited spin states (Chapter 1, Fig. 1.17 for O2).

iv) What will be the products of collisions of the new species with wa-
ter molecules?

Collisions with molecular nitrogen will lead to conversion of the prod-
ucts in Equ. 6.10 to their respective ground states. Collision of the 1O
with O2 will reform O3. The next highest probability for the reaction
of 1O is that it reacts with water to form the hydroxyl radical:

H2O +O(1D) = 2OH (1.11)

7. The atmospheric residence times of CHCl3 and CCl4 are estimated
to be 0.4 and 26 years, respectively.

i) Propose a mechanism for the degradation of CHCl3 in the tropo-
sphere.

The main oxidant in the troposphere is the hydroxyl radical, and so
the primary reaction will be:

CHCl3 +OH = CCl3 +H2. (1.12)

The new radical can react with several atmospheric gases, including
NO and O2. From O2:

CCl3 +O2 = COCl2 + ClO. (1.13)

Thus phosgene, COCl2, is a new product identifiable in gaseous anal-
yses. Further reactions may form Cl2 and O2.

ii) Account for the longer atmospheric lifetime of CCl4 and indicate
a mechanism for its degradation.

The OH radical does not react with CCl4 and there is no mechanism
for its removal from the troposphere. Migration into the stratosphere is
required and then uv. photolysis (ca. 220 nm):

CCl4 + hν = CCl3 + Cl (1.14)

CCl4 + hν = CCl2 + 2Cl (1.15)

Photolysis of carbon tetrachloride then also forms the CCl3 radical as
well as atomic Cl; a second pathway affords the carbene, CCl2, offering
many opportunities for subsequent reactions.
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1.3 Chapter 2: Palette of the Elements

1. Show the radioactive decay pathway for the isotope 232
90Th based

upon following order of decay emissions: α, β, β, α, α, α, α.

The decay sequence follows the following pathway (Equ. 1.16 - 1.25),
with t1/2 values:

232
90 Th→ 228

88 Ra+ α, 1.41x1010y (1.16)

228
88 Ra→ 228

89 Ac+ β, 5.77y (1.17)

228
89 Ac→ 228

90 Th+ β, 6.13h (1.18)

228
90 Th→ 224

88 Ra+ α, 1.913y (1.19)

224
88 Ra→ 220

86 Rn+ α, 3.64d (1.20)

220
86 Rn→ 216

84 Po+ α, 55s (1.21)

216
84 Po→ 212

82 Pb+ α, 0.15s (1.22)

212
82 Pb→ 212

83 Bi+ β, 10.64h (1.23)

212
83 Bi→ 212

84 Po+ β, 60.6m (1.24)

212
84 Po→ 208

82 Pb+ α, 45.1s (1.25)

2. Estimate the Zeff of sodium and caesium using the Slater rules, and
predict their first ionisation potentials (eV). Compare the results between
the two elements.

The Slater constants are given in Tables 2.6 (effective quantum num-
bers) and 2.7 (screening constants).
For sodium, Z = 11: Electronic configuration: 1s22s22p63s1

Screening constant contributions: 2 1s electrons each provide σ contri-
butions of 1; 2 2s electrons each provide σ contributions of 0.85; 6 2p
electrons each provide σ contributions of 0.85. The effective quantum
number n* for a 3s electron is 3. So the energy of the 3s electron for
which Zeff is 11-8.8 = 2.2 is (Equ. 1.26):

E = −13.6

N∑
i=1

(Z − σ
ni∗

)2
= −13.6

(11− 8.8

3

)2
= −7.3eV (1.26)

The experimental value is 5.14 eV, and the calculated value of 7.3 eV
has underestimated the screening by the other electrons.

For caesium, Z = 55: Electronic configuration:
1s22s22p63s23p63d104s24p64d105s25p66s1

Screening constant contributions: For all 46 electrons up to n = 4, σi =
1. For the 5s and 5p electrons, σi = 0.85. Hence σ = 46 +8x0.85 = 2.2
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and n* = 4.
So the energy of the 6s electron for which Zeff is 11-8.8 = 2.2 is (Equ.
1.27):

E = −13.6
(11− 8.8

4

)2
= −4.1eV (1.27)

The experimental value of the ionisation potential is 3.9 eV, and the
empirical value of the principal quantum number has provided a good
estimate. It is evident that the ionisation energy has decreased from
sodium to caesium and, accordingly, caesium is tabulated as the less
electronegative element.

3. Place the following elements and compounds on a van-Arkel-Ketelaar
triangle:

Cs, CsF, F2, WC, AgBr, CuZn, NbZr, OsO4.
Comment on the bonding in the transition metal containing com-

pounds.
[Allen electronegativities, χA: Cs 0.659; O 3.610; F 4.193; C 2.544;

Br 2.685; Cu 1.85; Zn 1.59; Zr 1.32; Nb 1.41; Ag 1.87; W 1.47, Os 1.65 ]

Cs

CsF

F2

WC

AgBr

CuZn

NbZr

OsO4

metal

semiconductor

covalent

ionic

E
le

c
tr

o
n

e
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e

0
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0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Fig. 1.10 Electronegativity triangle showing the selected materials.

Calculation of the results (Fig. 1.10) was based upon the weighted
mean of the electronegativities - relevant for OsO4. OsO4 shows up as
a polar, covalent material. At the other end of the scale, NbZr shows
metallic behaviour. CuZn, brass, is moving towards semiconductor in
nature. Both WC and AgBr show up as substantially covalent.

4. a) Construct a Born Haber cycle for the dissolution of solid LiF
in water.
b) Calculate values for the ∆Go of the dissolution of the ions and for
the formation of the solid from the gaseous ions. Hence estimate ∆ Go

for dissolution of LiF in water.
c) Comment on the results given that the solubility of LiF at 25 oC is
reported as 1.3 g/L.
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[Properties of lithium and fluorine. Gaseous ions: ∆fH
o(kJ mol-1) Li+

686, F- -255; So (J mol-1 K-1):Li+ 133.1, F- 145.6; ionic volumes (nm3:
Li+ 0.00199, F- 0.025; ionic radii (pm): Li+ 69, F- 181; solvation ra-
dius correction (pm): Li+ 61, F- 5]

a) The cycle in Fig. 1.11 is appropriate for establishing the ∆fG
o for

the dissolution of solid LiF into water.

LiF(s)

Li (g) + F (g)!
+ -

!latticeG
o

!fG
o

o !aqG  (F  )
o

Li (aq) + F (aq)!

!aqG  (Li  )

+

+

-

-

Fig. 1.11 Born Haber cycle for the dissolution of LiF in water.

b) The ∆hydGo values for the ions can be estimated from Equ. 2.59
(Chapter 2) using the solvation correction for the ionic radii as in Table
2.13. These will afford the following results (Equ. 1.28 and 1.29):

For Li+ : ∆hydG
o = −6.86.104/(69 + 61) = −527 kJ mol−1 (1.28)

For F− : ∆hydG
o = −6.86.104/(181 + 5) = −369 kJ mol−1 (1.29)

The lattice energy, U, may be estimated from Equ. 2.75. Here A =
121.39 kJ mol-1 nm, Vm = 0.00199 + 0.025 = 0.02699. The term I is
given by Equ.1.30, and so U can be estimated from Equ. 1.31:

and I =
1

2

∑
niz

2
i =

1

2
(1 + 1) = 1 (1.30)

U =
AI

V
1
3
norm

= 121.39/(0.02699)
1
3 = 872 kJ mol−1 (1.31)

To convert for the lattice energy into enthalpy using Equ. 2.29 (Equ.
2.32):

∆HL = U+
∑
i

si

(ci
2
−2
)
RT = U+2(

3

2
−2)RT = U−RT = 869kJmol−1

(1.32)
The lattice entropy can be calculated from Equ. 2.79, using the con-
stants for an ionic solid in Table 2.17 as in Equ. 1.33:

So298 = kVm + c = 1360x0.02699 + 15 = 18.7 J mol−1 K−1 (1.33)

So, with the entropies of the ions (from Table 2.10) (Equ. 1.34):

∆latticeS
o = So(LiF )−So(Li+)−So(F−) = 18.7−133.1−145.6 = −247.5

(1.34)
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And so Equ. 1.35:

∆Golattice = ∆Ho−T∆So = 869− 247.5x298.15/1000 = 943kJ mol−1

(1.35)
And hence for the cycle in Fig. 7.11 (Equ. 1.36):

∆fG
o = ∆Golattice +

∑
(∆aqG

o) = 47 kJ mol−1 (1.36)

The prediction is for an unfavourable reaction, indicating a low solubil-
ity in water.

5. a) Construct a Frost diagram for two actinide elements from the
following Eo values in acidic aqueous solution.
[Uranium: U3+/0 -1.642; U4+/3+ -0.577; UO2

2+/U4+ 0.39;UO2
2+/+

0.16 V.
Americium: Am2+/0 -1.95; Am3+/0 -2.07; Am4+/3+ 2.62; AmO2

+/Am4+

0.82; AmO2
2+/+ 1.59 V]

The data affords the two plots in Fig. 1.12 and 1.13. Under acidic
conditions and high oxidation states these elements from diooxo-cations,
e.g. the uranyl unit, UO2

2+ for UVI. Unlike the copper example in Fig.
2.21, all of the oxidation states are thermodynamically more stable than
the metals. The multiple oxidation states of these early actinides has
more in common with the early d -block elements than the lanthanides.

Uranium

n
E

o
 (

V
)

−6

−4

−2

0

Oxidation state

0 1 2 3 4 5 6

Fig. 1.12 Frost diagram for uranium
(pH = 0).

Americium

n
E

o
 (

V
)

−6

−4

−2

0

Oxidation state

0 1 2 3 4 5 6

Fig. 1.13 Frost diagram for americium
(pH = 0).

b) Comment on the stability of the following oxidation states of these
two elements in acidic solution: (III), (IV), (V).
It is evident that U(IV) is the most stable oxidation state. However,
UIII, UV and UVI are evidently very accessible under appropriate redox
conditions. The point for UO2

+ is slightly more positive than the mean
of U4+ and UO2

2+, indicating that disproportionation of UV is ther-
modynamically preferred. Americium will be more electronegative than
uranium being further along the actinide series. The clear evidence is
that the higher oxidation states are less stable than those of uranium,
and the most stable is Am3+ . Interestingly, Am2+ is now identifiable
and the tendency for it to disproportionate to Am and Am3+ is marginal.
Am4+ will tend to disproportionate to Am3+ and AmO2

+.

6. Construct a partial Pourbaix diagram for iron at 25 oC and a con-
centration of 10-6 M, using the data below. [Eo values: Fe2O3/Fe2+

0.728;Fe3+/2+ 0.771; Fe2+/Fes -0.44 V. Log K (2Fe3+/Fe2O3) 1.43.]
Starting points for a Pourbaix diagram can be the horizontal lines

which occur where here is no pH dependence, using Equ. 2.84, which
for the Fe2+/Fes couple at 25 oC and 10-6 M will become Equ. 1.37:

E = −0.44− 0.05916

2
log10

( 1

10−6

)
= −0.617 V (1.37)

This horizontal line is drawn as dotted until we can see any cross-over
lines from other species. Similarly we can draw a second horizontal line
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for the Fe3+/2+ couple. At equilibrium, the concentration of the two
ions will be equal, so E = Eo = 0.771 V.
A vertical boundary occurs when the reaction is only pH dependent, as
in Equ: 1.38:

2Fe3+aq + H2O = Fe2O3 + 6H+ (1.38)

For this the equilibrium constant, K is given by Equ. 1.39:

K =
a6H+

a2Fe3+
(1.39)

which in this case is Equ. 1.40:

logK = 1.43 = −6pH − 2log10−6 (1.40)

From this the pH is 1.76. The Fe3+/2+ couple is also effected by the
reaction in Equ. 1.41: :

Fe2O3 + 6H+ + 2e = 2Fe2+aq + 3H2O (1.41)

Again, using Equ. 2.84, we can derive the equation describing the line
for this equilibrium, Equ. 1.42:

E = 0.94− 0.05916

2
log10

(a2Fe2+
a6H+

)
(1.42)

So with the data given 1.43:

E = 0.728 − 0.05916log10aFe2+ − 0.05916x3pH (1.43)

From this the sloped line in Fig. 1.14 results.

2 40
-1

0

1

2

pH

E
 (
V

)

Fe

Fe
2+

Fe3+

-2

Fe2O3

Fig. 1.14 Partial Pourbaix diagram for
iron (10-6 M).

7. i) What is the electronic configuration of the oxygen atom in the
ground state?

The electronic configuration is 1s22s22p4.

ii)Derive the Russell-Saunders term symbols for the ground state and
an excited state.

Table 1.1 2p elec-
tron occupancy in the
ground state of the O
atom.

ms ml

1 0 -1

1
2

* * *

- 1
2

*

The Russell-Saunders ground state will be determined for the ground
state by following Hund′s Rules of maximum multiplicity for the highest
spin state (S ), i.e. the maximum number of unpaired electrons is found,
as in Table 1.1. The maximum MS = 1

2 - 12+ 1
2+ 1

2= 1. Hence S=1 and the
spin multiplicity 2S+1 = 3. For this configuration, we can also derive
the L value of the atom: the maximum ML = 1+1+0-1 = 1. Hence L=1,
and this is a P state, namely 3P.

Table 1.2 2p electron
occupancy in the first
excited state of the O
atom

ms ml

1 0 -1

1
2

* *

- 1
2

* *Excited state Any other states will be spin singlets. According to
the second priority in Hund′s rules, we should look for the maximum
L value, which will come from the configuration in Table 1.2. Here S=
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0. The maximum ML is given by 1+1+0+0 = 2. Hence this is a 1D state.

Extension: by considering the microstates available with the electronic
configuration, identify a second excited state.

This is easier to visualise if we consider the 2 vacancies in the 2p4

subshell as holes with electron-like properties excepting their charge. In
Table 1.1 and 1.2 there are 6 possibilities for the location of the first
hole. Once that is filled there are 5 remaining. We cannot identify one
hole from the other (just as the electrons are also indistinguishable), the
number of combinations possible = 6x5/2 = 15. We can create a new
table covering all the 15 possible MS and ML values of the atom (Table
1.3). The 2D state can be correlated with 5 of the these 15 micro states:
S=0 and L = 2,1,0,-1,-2. The 3P is triply degenerate in both L and
S, and hence can be linked to 9 micro states with L and S each taking
values of 1,0, -1. That leaves a single micro state left which has a value
of L and S of 0, and so is a 1S state. This second doublet state will be
higher in energy than the 1D, according to Hund′s rules. There will be
more electron repulsion in the 1S since the electrons occupy the same
orbital space.

8. A model catalytic converter has been fabricated from a low alloy
steel container (1 kg), an alumina honeycomb support for the catalyst
(0.5 kg) and the platinum catalyst (1 g).
a) Using the data below, estimate the calculate the embodied energy and
carbon of the materials in the catalyst structure.
a) From the masses of 1 kg of low alloy steel, 0.5 kg of alumina and 1g
of platinum, the EE and EC values are:
EE: 33 + 26/2 + 387000/1000 = 433 MJ/kg.
EC: 2 + 2.1/2 + 33000/1000 = 36.05 kg CO2e/kg.

b) Calculate the changes in these values if i) the platinum is substi-
tuted by palladium and ii) the low alloy steel is substituted by stainless
steel.
i) Now the EE would be 33 + 26/2 + 304000/1000 = 350 MJ/kg, and
the EC 2 + 2.1/2 + 25000/1000 = 28.05 kg CO2e/kg.
ii) Changing to stainless steel makes: EE = 85 + 26/2 + 387000/1000
= 485 MJ/kg. EC: 5 + 2.1/2 + 33000/1000 = 39.05 kg CO2e/kg.
c) Comment on these results.
Even though it is only 0.1% of the total mass of the device, the platinum
would dominate the environmental impact of this component. Given a
car will have a mass of ≈ 1500 kg with materials embodied energy of ≈
70000 MJ/kg this represent about only 0.5% of the total.
Changing the catalyst to palladium can reduce environmental impact
by about 83 MJ/kg and 8 kg CO2e/kg. Substitution would depend
upon catalyst performance and lifetime.Upgrading the converter hous-
ing to stainless steel would increase the environmental impact by about
52 MJ/kg and 3 kg CO2e/kg.
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Table 1.3 Microstates of 2p4 showing the spin quantum
numbers in orbital holes.

State ml

1 0 -1

1
2

, - 1
2

1
2

, - 1
2

1D 1
2

- 1
2

1
2

- 1
2

1
2

- 1
2

1S 1
2

, - 1
2

1
2

1
2

1
2

1
2

1
2

1
2

- 1
2

- 1
2

3P - 1
2

- 1
2

- 1
2

- 1
2

- 1
2

1
2

- 1
2

1
2

- 1
2

1
2

[Embodied energy (MJ/kg):low alloy steel 33; stainless steel 85; alu-
mina 26; platinum 387000; palladium 304000. Embodied carbon (kg
CO2e/kg): low alloy steel 2.0; stainless steel 5; alumina 2.1; platinum
33000; palladium 25000.]

1.4 Chapter 3: Earth

1. The manufacture of strontium metal has been increasing in recent
years with the ore strontianite, SrCO3, as the raw material. Given the
values of ∆fG298 given below, assess the feasibility a process involving
reduction of the oxide by carbon or by aluminium.

[∆fG298: SrCO3 -1144, SrO -643, CO2 -394, Al2O3 -1582 kJ mol-1]
From SrCO3:

SrCO3 = SrO + CO2 (1.44)

∆G = −644− 394 + 1144 = 106 kJ mol−1 (1.45)

This will need to heat to drive off CO2, which will have a positive
entropy and will favourable at higher temperatures.
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Reduction of SrO with carbon:

SrO +
1

2
C = Sr +

1

2
CO2 (1.46)

∆G = −197 + 643 = 446 kJ mol−1. (1.47)

This will require even higher temperatures.
Or reduction of SrO with with Al:

SrO +
2

3
Al = Sr +

1

3
Al2O3. (1.48)

∆G = −1582/3 + 0 − 0 + 643 = 116 kJ mol−1. (1.49)

This is still unfavourable, but it employed. This is carried out in vacuum
and strontium removed from the equilibrium as a vapour and then is
condensed out.

What alternative method might you suggest for manufacture of the
metal?
An alternative of electrochemical reduction of SrCl2 has been used, but
a difficult process as Sr migrates into the salt electrolyte.

2. Cobalt minerals include phosphates and arsenate. A cobalt arsen-
ate of interest for its magnetic properties is Co2(OH)(AsO4).
i) Assign oxidation states for arsenic and cobalt and the d-electron count
for cobalt.
In principle there are two options: 2Co(III) and As(III), or 2Co(II) and
As(V). The latter is the more likely (see Fig. 2.23). Co is in group 9,
and removing 2 electrons to reach Co(II) will leave d7.

ii) Draw an energy level diagram for cobalt with this dn count in its
preferred spin state.

This is related to Fig. 3.27, and is presented in Fig. 1.15 in a high
spin state. The first 5 electrons are added in parallel and the last two
will pair with 2 of them in the t2g set.

eg

t2g

Octahedral

Fig. 1.15 Octahedral energy level dia-
gram for d7.

iii) The cobalt sites in this compound do not adopt regular octahedral
sites. One of the two sites has 4 short Co-O distances (2.08 Å) and two
longer trans interactions (2.23 Å). Account for there being a distortion
in this site.

The electronic configuration in Fig. 1.15 is triply degenerate in an or-
bital sense: the unpaired electron can be located in any of the three t2g

orbitals. Hence a Jahn-Teller distortion is anticipated. The distortion
described is essentially that covered by Fig. 3.27 but with 2 fewer elec-
trons. The single electron would occupy the d(xy) orbital.

iv) The second cobalt site is 5 coordinate and adopts a trigonal bipyra-
midal structure. Draw an energy level diagram for this structure and
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consider whether the site might distort further.

Another distortion that can remove the degeneracy is achieved by

Trigonal 

bipyramidal

z

x
y

Fig. 1.16 Trigonal bipyramidal energy
level diagram for d7.

going to a trigonal bipyramidal site (Fig. 1.16). The d(z2 orbital is
point along the ligand s on the z axis and thus is highest in energy. The
remaining σ orbitals are the two in the xy plane and are degenerate.
The remaining pair d(xz,yz) are the lowest in energy.

v) Calculate the magnetic moments of the cobalt ions using the spin
only formula.

There are 3 unpaired electrons for both of the geometries, so the spin
quantum number S will be 3

2 . Hence from Equ. 3.28 the magnetic
moment for each on this model would be (Equ. 1.50):

µeff = 2

√
[
3

2

5

2
] = 3.87 µB (1.50)

3. A hydroxy oxime ligand of the type in Fig. 3.36 can be used for
solvent extraction of 3d metal ions. The pH values at which there is 50%
extraction from aqueous solution are: Cu(II) 0.1, Ni(II) 2.8, Co(II) 4.5,
Zn(II) 6.5.
a) What stoichiometry would you propose for the extracted complexes?
Draw a structure for such a complex.
The phenolic proton is the most acidic site, and so one would expect a
divalent metal cation to form a ML2 adduct. The structure of this is
shown in Fig. 1.17.

N

OH

R OH

N

O

R O N

O

RO

M

H

H

2+
M

2H
+

Fig. 1.17 Structure of an oxime complex of M(II).

b) What does this pH order imply for the relative stability of these
complexes?
The equilibrium is the competition between the aquated M2+ and H+

ions. If the balance is at low pH, i.e. high H+ concentration, then
the binding constant for the metal is high. As the balance point be-
comes reached at lower and lower H+ concentrations, this implies that
the metal binding constant is lower.

c) Account for this stability order.
The difference between the ions is the d electron count. For Zn(II)
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there is a full d subshell, and so there can be no LFSE. If the com-
plex were octahedral with 2 additional ligands, then a high-spin Co(II)
(t2g

5eg
2) would have an LFSE of 4/5∆oct. For Ni(II) (t2g

6eg
2) this rises

to 6/5∆oct. Hence, moving from Co and Ni would have increasingly
large extra stabilisation over the zinc complex, on the likely assumption
that this charged chelate provides a larger value of ∆ that a water lig-
and. The additional stabilisation of copper can be related to the Jahn
Teller effect in which the intrinsic orbital multiplicity in the t2g

6eg
3 con-

figuration is lifted by a distortion. This ligand is designed to favour a
square planar geometry. In the aquo complex there can be a distortion
lengthening the trans, axial ligands. It seems that this enhances the en-
ergy gain in coordinating this ligand over the more loosely bound water
molecules.

d) How might this be exploited for separation of the elements?
In principle, extraction could be carried out sequentially by increasing
the pH in different extraction vessels, starting at low pH to extract the
copper.

e) For Fe(III) 50% extraction occurs at pH 1.5. What effect can this
have on the application of this extractant?
This complicates the issue, as there can often be a high excess of iron in
mining liquors. The same principal applies, but it will mean the extrac-
tion of copper may be rather less selective. More extraction stages will
be required to remove the iron before attempting to extract nickel etc.

4. Derive the Russell-Saunders ground states for the following ions:
Ti3+, Fe2+, Ni2+, Sm2+ and Dy3+.

5. The mixed valence cobalt oxide Co3O4 adopts a spinel type structure
with Co(II) and Co(III) adopting high and low spin states, respectively.
a) Predict whether the structure will be a normal or inverse spinel.
b) Predict the magnetic moment per formula unit.
c) Below 40 K, the magnetic moment drops to a very low value. Account
for this observation.

4. Derive the Russell-Saunders ground states for the following ions:
Ti3+

Ti is in group 4, hence this ion will have the electronic configuration
of d1. The spin quantum number S will be 1/2, and hence the spin
degeneracy (2S+1) will be 2. The maximum ML will be 2, so this is a
D state. This gives the Russell-Saunders term to be 2D.

Fe2+

Fe is in group 8, hence this ion will have the electronic configuration of
d6. As a free ion, the first 5 electrons will arrange in different d orbitals
and the 6th will pair with one of them. Hence, S will be 2, and the spin
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degeneracy will be 5. In terms of L, the first 5 electrons will give a net
value of 0, and so it is the only last electron which provides the orbital
state. As for d1, it will be a D state. Hence the Russell-Saunders term
is 6D.

Ni2+

Ni is in group 8, hence this ion will have the electronic configuration of
d8. As for Fe2+, the first 5 electrons will arrange in different d orbitals
and the remainder will pair with three of them. Hence, S will be 1, and
the spin degeneracy will be 3. The first 5 electrons again will give L a
net value of 0. The maximum ML value can be demonstrated by placing
the last 3 electrons into orbitals with ml of 2, 1 and 0. L is therefore 3
and the Russell-Saunders term is 3F.

Sm2+

Samarium has 8 valence electrons with a configuration of 4f66s2 (Table
3.20), hence our ion is 4f6. Given that there are 7 4f orbitals, all elec-
trons will be unpaired giving S to be 3. The maximum ML value can
be demonstrated by placing the the electrons into orbitals with ml of
3, 2, 1, 0, -1 and -2. L is therefore 3 and the Russell-Saunders term is 7F.

Dy3+

Dysprosium has 12 has 8 valence electrons with a configuration of 4f106s2,
hence we have 4f9 for this ion. The first 7 electrons will be unpaired,
and the additional 2 will pair with two of these, giving S to be 5/2. The
maximum ML value will come from these extra two electrons and can
be achieved by placing them in orbitals with ml of 3 and 2. An L value
of 5 has the symbol H, so the term symbol is 6H.

5. The mixed valence cobalt oxide Co3O4 adopts a spinel type structure
with Co(II) and Co(III) adopting high and low spin states, respectively.
a) Predict whether the structure will be a normal or inverse spinel.
Co(III): This is 3d6. In an octahedral site and low spin (t2g

6) it will have
the maximum LFSE of 12/5∆oct. Adoption of an octahedral site will
favour the ionic attraction to a larger number of anions. The contrary
factor is that this is the larger site, and low spin Co(III) is the smaller
ion.
Co(II), 3d7, high spin will have octahedral LFSE for t2g

5eg
2 of (10-6)/5=

4/5∆oct. ∆oct for Co(III) will be ≈ 50% larger too. There is some loss
of LFSE for Co(II) in the tetrahedral site (e4t2

3), but it cannot com-
pensate for the effect of switching the Co(III) sites.

b) Predict the magnetic moment per formula unit.
The Co(III) site being t2g

6 have no unpaired electrons. For Co(II) with
e4t2

3 there are 3 unpaired electrons. Hence, again, the situation in Equ.
1.50, giving 3.87 µB . The experimental value at room temperature in
3.25 µB .
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c) Below 40 K, the magnetic moment drops to a very low value. Ac-
count for this observation.
This implies that at low temperature, the magnetic moments on Co(II)
sites order antiparallel below the transition temperature, TN . This is
an example of antiferromagnetism.

6. a) Construct a Frost diagram for chromium in acidic solution (pH
0) using the data below:
[Cr3+/0 -0.74; Cr3+/2+ -0.424; CrV I/3+ 1.38; CrV I/V 0.55; CrV/IV

1.34 V.]
Starting with the Cr3+/0 couple, the can calculate the CrIII nEo value
to be 3 x-0.74 = -2.22V. From this point we can locate the CrII value,
using n =- 1, as -1.796. We can also go from CrIII to CrV I ,where n =
3 (1.92 V). The stepwise we can calculate back from CrV I to CrV and
then to CrIV as per CrIII/II . Overall we obtain Fig. 1.18.

b) Comment on the stabilities of the oxidation states.

n
E

o
 (

V
)

−2

−1

0

1

2

Oxidation state

0 1 2 3 4 5 6

Fig. 1.18 Frost diagram for chromium
(pH = 0).

Cr(III) is seen to be the most stable oxidation state. Cr(II) can be
formed under reducing conditions and should not disproportionate. Un-
der oxidising conditions both Cr(IV) and Cr(V) would disproportionate
to Cr(III) and Cr(VI).

1.5 Chapter 4: Air

1. Construct a diagram of the type in Fig. 4.2 to plot the decay processes
from 232Th to 220Rn, its decay to the stable isotope 208Pb. The data re-
quired is in Table 4.13. Comment on which isotopes may be observable
in samples from the Earth’s crust.
The parallel figure to Fig. 4.2 is given as Fig. 1.19. After 232Th, only
228Ra and 228Th have half lives in years. 228Ra was originally called
Mesothorium 1 and only later identified as the same element as 226Ra.
228Th was originally called Radiothorium. 228Ac (formerly Mesothorium
2), 224Ra (formerly Thorium X), 220Rn (”Thoron”), 216Po (”Thorium
A”), 212Po (”Thorium C’ ”), 212Bi (”Thorium C ”), 212Bi (Thorium B),
208Tl (”Thorium C”) were all identified as being on a chain and ascribed
”Thorium” labels.

2. Propose molecular structures for the following positive oxidation state
compounds and ions of elements of Groups 17 and 18: XeO3F2, BrF5,
ClO3

−, I3
−, IF7, [IO3(OH)3]2−.

Application of the Valence Shell Electron Pair Repulsion (VSEPR) is an
effective approach. The results are as follows:
XeO3F2. Here we have Xe(VIII), so there are no lone pairs. The pre-
ferred 5-coordinate structure is a trigonal bipyramid. The Xe=O bonds
will occupy a larger solid angle than Xe-F, hence they are preferred in
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Fig. 1.19 Decay chain from 232Th through 220Rn to 208Pb..

the equatorial sites with O-Xe-O angles of 120o.
BrF5. Br(V) will have one lone pair. With six electron pairs the oc-
tahedron is the coordination geometry, with one vacant site, giving a
square pyramidal structure. However, the lone pair is also bulkier than
a bound to fluorine, and so the F-Br-F angles are less than 90o (85o).
ClO3

−. Cl(V) will also have one lone pair, providing 4 electron pairs at
Cl. The coordination tetrahedron will also have a vacant site, giving a
pyramidal structure. The distortion from a tetrahedron also affords the
lone pair more space in NaClO3 (O-Cl-O 103o)
I3
−: The central iodine is formally I(I), thus giving 3 lone pairs, and

so, like XeO3F2 we have a trigonal bipyramid, with the bulky groups in
equatorial positions. Here these are lone-pair sites, resulting in a linear
I-I-I structure.
IF7. This has iodine in the maximum oxidation state of VII, and so there
are 7 bonding electron pairs. There are a variety of possible coordina-
tion geometries, with the pentagonal bipyramid the one with highest
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symmetry (D5h).
[IO3(OH)3]2−. Similarly, the hydrogen periodate anion is also I(VII).
Here there are 6 ligands, and so an octahedral structure is expected.

3. From May 1993 to May 2018, measurements of the atmosphere at
the Scripps Institution pier indicated O2/N2 ratio had changed from -
163 to -691 pmeg and the CO2 concentration had risen from 362 to 413
ppm. i) Calculate the change in the atmospheric potential oxygen (APO)
concentration over this period of time, assuming a stoichiometry of 1.1
for O2/CO2.
ii) Account for the difference between the change in APO as compared
to the variation in O2/N2 ratio.

i) From Equ. 4.29:

APO = δ(O2/N2) +
αB
XO2

δ[CO2] (1.51)

we have:

APO2018 − APO1993 = (−691 + 163) +
1.1

.2095
(413− 362) (1.52)

Hence the change in APO = -260 pmeg.
ii) This can be compared a change of -528 pmeg for the δ (O2/N2)

over the same time period. The change in O2 concentration is related to
three factors: fossil fuel burning, terrestrial seasonal cycles and dissolu-
tion in oceans. Since the difference are at the same time in the season in
both years, it will be the fossil fuel factor which dominates the change in
O2/N2 ratio, giving a reduction scaled by another stoichiometry factor
(αF ≈ 1.39). For CO2, the land biotic balance seems also to be approx-
imately the same between the two years. Its concentration will increase
with fossil fuel burning but decrease with increased dissolution into the
oceans. This dissolution sequesters the CO2 thus reducing the available
potential oxygen.

iii) The annual change in O2 concentration is considerably larger than
that of N2. Estimate the mean annual change in O2 concentration at this
site and compare that with the values of CO2.
Equ. 4.27 can be simplified Equ. 1.53 by approximating the change in
N2 concentration to 0:

∆
(
δ(O2/N2)

)
=

∆(O2)

XO2

x
1

Mair
(1.53)

From this, the change in mol fraction (X) of O2 is, Equ. 7.54:

∆XO2
= ∆

(
δ(O2/N2)xXO2

= 0.2095x(−691 + 163) = 111 (1.54)

This gives a mean annual reduction over the 25 years of 4.4 ppm/yr.
The change in CO2 comes directly from data at +2 ppm/yr.
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4. Calculate the standard Gibbs free energies for three stages in diesel
exhaust treatment using the data provided, and comment on the results.
i) Consider particulate carbon removal by direct reaction with O2 and
with NO2.

C(s) + O2(g = CO2(g) and C(s) + 2NO2(g) = CO2(g) + 2NO(g) (1.55)

The two equations in question are in Equ. 7.55. Assuming the particu-
lates are pure carbon, then ∆rG

o for the reaction with O2 will be ∆fHo

of CO2, i.e. -394.4 kJ mol−1. The reaction with NO2 will follow the
stoichiometry in Equ. 1.55 and hence ∆rG

o is given by -394.4 + 2.87.6-
2*51.3, i.e. -321.8 kJ mol−1. Both are clearly favourable reactions. Here
the size of ∆rG

o does not dictate the relative rate of reaction, which is
faster for NO2.

ii) Consider the ideal equation for NOx removal starting with an
NO/O2 mixture and selective chemical (SCR) reduction with ammonia.
∆rG

o in the case given by -685.8 + 32.8 -175.2, i.e. -828.2 kJ mol−1.
This is an extremely favourable reaction.

e.g. 2NH3(g) + 2 NO(g) +
1

2
O2(g) = 3H2O(g) + 2N2(g) (1.56)

iii) Consider the oxidation of ammonia in the ideal ammonia slip pro-
cess.
Equ. 1.57 is the ideal reaction, but over oxidation can reform the un-
wanted nitrogen oxides.

2NH3(g) + 1.5O2(g) → N2(g) + 3H2O(g) (1.57)

∆rG
o in the case given by -685.5 + 32.8, i.e. -653.0 kJ mol−1. This is

also an extremely favourable reaction. In all these processes the equilib-
rium will be strongly on the side of the products to achieve a very high
level of removal of carbon and of NOx.

[∆fGo kJ mol−1: CO2(g) -394.4; NH3(g) -16.4; NO(g) 87.6; NO2(g)

51.3; OH2(g) -228.6.]

5. Adsorbents such as zeolites have been investigated application in
CCS (carbon capture and storage). In the gas phase, CO2 has a larger
molecular diameter than N2: 5.1 and 4.3
A, respectively. However, CO2 has the larger charge variation (the
quadrupole moment) due to the different Zeff of C and O. Hence it would
be expected to adsorb more strongly. It has the smaller effective kinetic
diameter in zeolites (3.3 Åas compared to 3.6 Åfor N2).3

3O. Cheung, N. Hedin, Zeolites and
related sorbents with narrow pores for
CO2 separation from flue gas, RSC
Adv., 2014, 4, 14480 - 14494.i) What properties would be important for an effective absorbent for

carbon capture and for carbon storage? What structural features might
achieve these properties?
For carbon capture there should be good selectivity preference for CO2,
particularly over N2, being the atmospheric gas of highest concentration.
Capture implies future release before storage and re-use of the sorbent,
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implying that the heat of adsorption is not too strong. That would be
preferred for carbon storage.
ii) Zeolite structures include apertures with 6-rings (2.3 Å, sodalite),
8-rings (4 Å, Zeolite A and chabazite), 10-rings (5.5 Å,silicilite and
ZSM-5) and 12-rings (7.4 Åfaujasite, Zeolites X and Y). Which may
have use in CCS?
The 6-ring entrance is too small for CO2 to penetrate, although the cage
inside might accommodate a molecule. The pores of 8-ring zeolite are
similar to the radii of CO2 and N2 and so may well be able to effect
selectivity and possibly storage. The larger rings provide pores which
are considerably larger than these gaseous molecules and so would not
effect much selectivity based upon that alone.
iii) How might changing the counter ions in aluminosilicates be used to
improve CCS properties?
The pore space will also be occupied by some counter ions., and so the
effective pore dimeter can be reduced by large cations, and increased
if small cations are used. For example changing from the sodium-
exchanged version fo zeolite A, NaA, to KA will reduce the pore to
≈ 3 Å, but in CaA it can be increased to ≈ 5 Å. So fine-tuning can
create a cavity that can tend to exclude N2, but allow CO2 to pass more
readily. Cations with higher charge/radius ratios will also bind CO2

in particular more strongly thus raising the temperature for desorption
thus moving from capture to storage. The large cages in the large-pore
zeolites have some potential for storage properties due to the volume
of accessible space. This would require strong adsorption sites to be
located in the cages. The synthetic effort required has energy costs, and
so these materials are more likely to be employed in capture schemes
than large scale storage.

6. In rare-earth iron garnets, RE3Fe5O12, the iron ions are in two
different sites, tetrahedral and octahedral, of ratio 3:2, respectively, in
which the spins orient antiparallel. The magnetic properties indicate
that the 3 rare earth ions have moments antiparallel to the net iron
moment moment.

i) Which type of magnetism does this describe? This is ferrimag-
netism. ii) Calculate the magnetic moments that you would expect from
the individual rare earth sites (La and Dy) and the Fe sites.
Magnetic moments (µB) can be calculated from:

µS = 2
√
S(S + 1), or (1.58)

µJ = 2
√
J(J + 1) (1.59)

where

gJ =
3

2
+
S(S + 1)− L(L+ 1)

2J(J + 1)
. (1.60)

As La(III) is f0, it has no moment. The irons are all present as Fe(III),
and are high spin d5 sites. For Fe, the spin only formula for each iron
affords a moment of 5.92 µB.
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The formula has charge balance with dysprosium as Dy(III), i.e. f 9.
High spin f 9 will have 5 unpaired electrons so S=5/2. The maximum
value of ML that can be achieved with this spin state will be given by
3+2+1+0-1, and hence L= 5. The Russell Saunders ground state is
6H15/2. Having more than a half-filled shell, the favoured J state =
L+S = 15/2.

From the full formula for magnetic moments:

g =
3

2
+

[ 52
7
2 − 5.6]

[2 15
2

17
2 ]

(1.61)

=
3

2
− 1

6
=

4

3
(1.62)

µJ =
4

3

√
(
15

2

17

2
) =

2

3

√
255 = 10.6. (1.63)

iii) Estimate the magnetic moment from the formula unit for RE =
lanthanum, (La) and dysprosium (Dy) that could be exhibited at satura-
tion magnetism. The net iron moment will be only for the one extra Fe
in the tetrahedral site i.e. 5.92 µB. It will oppose the moments of the
lanthanide ions.

Maximum net moment = 3x10.6-5.92 = 25.9 µB.

1.6 Chapter 5: Fire

1. The iridium-containing salt, (Ph4As)[IrI2(CO)2] A can be synthe-
sises from IrCl3.xH2O, NaI, and aqueous 2-methyoxyethanol.
i) What are the coordination number, oxidation state and dn configura-
tion of the iridium? Propose a structure for the anion in A. How many
valence electrons are in the coordination sphere of the iridium?
The iridium is 4-coordinate and in oxidation state (I). That will give it
an electronic configuration of 5d8. The two most plausible coordination
geometries are tetrahedral and square planar. For a 5d element with
strong field CO ligands, a low spin state will be the more stable. How-
ever the former would afford give a configuration e4t2

4. This will be a
spin triplet (Fig. 3.25) and subject to a Jahn-Teller distortion. In a
square planar geometry we have an energy level like the extreme Jahn
Teller distortion from an octahedron (Fig. 3.27). Considering the two
vacant sites to be the z axis, the dz

2 orbital is strongly lowered in energy
and the splitting up to the d(x2-y2) orbital is ∆oct. Hence this is the
favoured geometry with the d(x2-y2) orbital vacant. That give two op-
tions: cis and trans. Infrared spectroscopy observing the C-O stretches
shows 2 IR bands, which shows this to be the cis isomer. In the trans
isomer the symmetric stretch is forbidden as the dipole moment changes
for the two CO ligands cancel each other out. The valence electron count
at the iridium is 16 - d8 plus 4 electron pairs from the ligands. This al-
lows the metal to readily accommodate 2 further electrons and attain
an 18-electron configuration.
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ii) As described in section 5.1.2, ethanoic acid is manufactured by
carbonylation of methanol. Compound A will catalyse this reaction, in
the presence of CH3I. This process is poisoned by (NBu4)I but promoted
by [RuI2(CO)3]2. Propose a catalytic cycle for the iridium catalysed
component of methanol carbonylation.
The low oxidation state Ir(I) can undergo an oxidative addition reaction
on reaction with iodomethane. This is expected to be via a 2-step ionic
process - with the first step essentially a nucleophilic substitution at the
methyl carbon (Equ. 1.64). The 18-electron Ir(III) complex is attained
after coordination of the iodide by Equ. 1.65. The two ligands add
trans.

[IrI2(CO)2]− + CH3 − I → [Ir(CH3)I2(CO)2] + I− (1.64)

[Ir(CH3)I2(CO)2] + I− → [Ir(CH3)I3(CO)2]− (1.65)

Complex B, [Ir(CH3)I3(CO)2]−, can lose an iodide ligand to form the
16 electron complex [IrI(CH3)2(CO)2]− which will add an extra CO to
form [Ir(CH3)I2(CO)3]− , which undergoes a migratory insertion reac-
tion (Equ. 1.66) to form an acetyl group. Iodide will inhibit the loss
of the ligand from B. [RuI2(CO)3]2 acts as an iodide scavenger forming
[RuI3(CO)3]−, and thus is a promoter.

[Ir(CH3)I2(CO)3] → [Ir(C(O)CH3)I2(CO)2] (1.66)

The new 16-electron, 5-coordinate acetyl complex can readily coordi-
nate to another CO to afford complex C, [Ir(CH3)I3(CO)2]−. This can
undergo a reductive elimination process, probably concerted, to reform
complex A and eliminate acetyliodide by Equ. 1.67. In terms of iridium
this reforms the catalytic species and in terms of the organics creates a
new C-C bond (Equ. 1.68).

[Ir(C(O)CH3)I3(CO)2]− → [IrI2(CO)2]− CH3COI (1.67)

CH3 − I + CO → CH3COI (1.68)

The iodomethane came from methanol and the acetyl iodide can be
readily hydrolysed to ethanoic acid. Taken overall this achieves the car-
bonylation of methanol.

1. i) Using the Anderson-Schultz-Flory distribution of the weight frac-
tion, Wn, of a hydrocarbon of n carbon atoms, calculate the fraction of
mass in the gasoline fraction (n = 7 to 9) that would be created by an
iron based Fischer Tropsch catalyst with an α value 0.7. Using Equ.
1.69, the data in Table 1.4 can be calculated:

Wn = n(1− α)2α(n−1) (1.69)

The Wn values for n of 7, 8 and 9 are, respectively, 0.074, 0.059, 0.047.
This will give a gasoline yield of ca. 18%.
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ii) What would be the effect of a potassium co-promoter?
If potassium salts are added, the increased electron density on the Fe
particles is increased, compared to with the iron alone. This favours
CO binding, because there can be a higher degree of back-bonding to
the CO. It also retards the binding of H2, which tends it have hydridic
character and thus favour more electropositive sites on Fe. As a result,
the probability of chain growth on surface of catalyst increases. This
will give a higher α value, perhaps 0.85, as given in Table 1.4.

Table 1.4 Weight fraction
(Wn) per carbon number,
n

nn α 0.7 α 0.85

1 0.09 0.0225
2 0.126 0.0383
3 0.1323 0.0488
4 0.1235 0.0553
5 0.1080 0.0587
6 0.0908 0.0599
7 0.0741 0.0594
8 0.0593 0.0577
9 0.0467 0.0552
10 0.0363 0.0521
11 0.0280 0.0487
12 0.0214 0.0452
13 0.0162 0.0416
14 0.0122 0.0381
15 0.0092 0.0347
16 0.0068 0.0314
17 0.0051 0.0284
18 0.0038 0.0256
19 0.0028 0.0229
20 0.0021 0.0205

iii) What hydrocarbon products would be favoured with that promoter?
An α value of 0.85 reduces gasoline only slightly to 17%. However,

much more diesel (C13 - C20) is formed, increasing from 5.8 to 24.3%.
Kerosene (C11-C12) also increases (from 4.0 to 9.3%). Hence, adding
potassium results in a higher yield of liquid fuels.

3. In a study to control the blending of HDPE and LLDPE by poly-
merisation of ethene alone, a mixture of catalyst precursors of the types
[NiBr2(diimine)] D and [Zrcp2Cl2] E were employed with an MAO pro-
moter. Using complex D chain branches were observed at a frequency of
26 per 1000 CH2 groups, whilst branches were negligible using complex
E. The branching frequency was 10 per 1000 using a mixture of the two
catalysts. Also, using complex E, carrying out the reaction under H2

reduced the mean molecular weight of the polymer by a factor of 12, but
the effect for complex D was small.4

4S. Mecking, Reactor blending with
early/late transition metal catalyst
combinations in ethylene polymeriza-
tion, Macromol. Rapid Commun.,
1999, 20, 139-143

i) Propose steps for the activation of complex D by MAO and hence
draw a catalytic cycle for the onset of polymerisation.
The MAO is expected to act as a methylating agent, Lewis acid and
poorly-coordinating counter anion (Section 5.2.1). Thus the following
activation steps are indicated (N-N = diimine) (Equ. 1.70), providing
[Ni(CH3)(diimine)] + F as an active form of the catalyst.

[NiBr2(N−N)]+MAO → [NiBr(CH3)(N−N)]→ [Ni(CH3)(N−N)]+

(1.70)
Complex F is a Ni(II) complex and hence d8. Formally it has a 14
electron centre and this will be expected to bind ethene rapidly (Equ.
1.71).

[Ni(CH3)(N −N)]+ +CH2 = CH2 → [Ni(CH3)(CH2CH2)(N −N)]+

(1.71)
This in turn can under a further migratory insertion to increase the chain
length and reform a 14-electron centre, [Ni(CH2CH2CCH3)(diimine)] +

G (Equ. 1.72).

[Ni(CH3)(CH2CH2)(N −N)]+ → [Ni(CH2CH2CH3)(N −N)]+

(1.72)
Hence the equivalent steps of 1.71 and 1.72 provide chain growth.

ii) Account for the differences in branching frequency between the two
catalysts.
A chain termination can be achieved by complex G undergoing a β-
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hydride elimination process (Equ. 1.73), which is the reverse of a migra-
tory insertion. The new alkene complex, [Ni(H)(CH2CH2)(diimine)]+

H, can dissociate the new alkene providing a new 14-electron complex
[Ni(H)(diimine)]+ (Equ. 1.74) This can coordinate ethene and restart
chain growth. At some point in the chain growth a higher alkene gen-
erated by steps like Equ. 1.73 and 1.74 can enter the chain growth and
dorm a branch.

[Ni(CH3)(CH2CH2)(N −N)]+ → [NiH(CH2 = CHCH3)(N −N)]+

(1.73)
[Ni(CH3)(CH2CH2)(N−N)]+ → [NiH((N−N)]+ +CH2 = CHCH3

(1.74)
The alkene complex H has a Ni(II) centre in which the alkene com-
plex can be stabilised by back bonding from filled d orbitals into the
π* orbital of the coordinated alkene. This is not feasible to the Zr(IV)
d0 centre in complex E. Hence the probability of H undergoing the
β-hydride elimination is much higher and so a concentration of higher
alkenes will build up to be incorporated into the growing chain.

iii) Account for the effect of H2 on the polymer molecular weight us-
ing complex E.
It is evident that H2 provides a new chain termination process for E. An
oxidative addition process onto Zr(IV) is not feasible since the highest
ox idation state has already been attained. An alternative process is
called σ-bond metathesis. In effect one H atom is transferred to the
alkyl chain and the other to the metal (Equ. 1.75).

[Zrcp2R]+ H2 → [Zrcp2R(H2)]+ → [Zrcp2(H)]+ + H −R (1.75)

4. The most common source of thorium is the mineral monazite, from
which thorium phosphate, Th4(PO4)4(P2O7), can be extracted at ca. 7
wt%. One isotope of thorium predominates, 232Th, 99.98%. Nuclear fuel
is formed by by neutron capture and two sequential β− decay processes.
The energy available to a thermal nuclear reactor is reported to be 200.1
MeV per atom.
[ 1 eV = 96.485 kJ mol−1]
i) Identify the isotope acting as the nuclear fuel.
The sequence is as Equ. 1.76 giving 233U as the fuel:

232
90 Th + 1n →233

90 Th → β− + 233
91 Pa → β− + 233

92 U (1.76)

ii) Estimate the nuclear energy that could be available from the thorium
in 1 kg of the monazite ore.
The molecular mass of thorium phosphate (Th4P6O23) per thorium is
as per Equ. 1.77:

1

4
(4x232+6x31+23x16) =

1

4
(928+186+368) =

1

4
.1482 = 370.5 (1.77)
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and so the wt% of Th is 62.6%. Hence 1 kg of monazite ore will contain
0.07x0.626 kg Th. i.e. 44 gTh, or 0.19 mol, 1.14x1023 molecules. The
energy from 0.19 mol is given by:
0.19 x 96.485 x 200.1 x 106 kJ mol−1 = 3.67 TJ.

5. A multijunction photovoltaic cell has been constructed from sand-
wiches of the following materials (with band gaps in eV): indium tin ox-
ide (Sn doped In2O3, ≈ 4.0), ZnO (3.3), CdS (2.42), CuIn(1−x)GaxSe2
(1.0-1.7) and molybdenum (metallic).
i) Account for the variation in band gap between CuInSe2 and CuInGaSe2.
These semiconductors formally involve I (Cu),III (In, Ga) and VI (Se)
elements. We can compare the band gaps of for the wide band gap
materials M2O3 for Al, Ga and In (Table 3.9). Here the band gap fol-
lows a trend Al>Ga>In as we descend Group 13. The valence band
of the semiconductor would contain oxygen valence electrons and the
conduction band would be anticipated to comprise the vacant Group
13 valence orbitals in a M(III) site according to an ionic model. This
could be expected to follow the electronegativity of the three elements.
The more electropositive elements will have higher energy levels and the
band gap will increase. But indium is anomalous. Generally electroneg-
ativities reduce on descending a p-block group. Indeed, the orders differ
between electronegativity scales, but the Allen scale provided the order
Al<Ga>In<Tl. Rather the band gap order follows the atomic radius.
This shows that the broad definitions like electronegativity have their
limitations. The trend in these CIGS materials follows that of the par-
ent oxides.

ii) Propose a structure for the multijunction cell indicating the roles
of these materials.
The structure is similar to that in Fig. 3.38. The top, light accept-
ing, window will be formed of the materials that give good transparency
from the near uv to the mid infrared. (ITO and and ZnO). CdS will
then absorb light of wavelength shorter than ca. 510 nm and, depending
upon the composition, the cut off will be between 700 (visible) and 1200
(NIR) nm. Finally the lighter further into the IR may induce a response
from the molybdenum.

6. Solid oxide fuel cells (SOFC) have a structure like that of the SOEC
in which the electrolyte and electrodes are solid state oxide conductor
(Fig. 5.47).
i) What are the electrode reactions for a SOEC cell using a) H2 and b)
CH4 as fuel?
a) For H2:

Cathode :
1

2
O2 + 2e− → O2− (1.78)

Anode : H2 + O2− → H2O + 2e− (1.79)

b) For CH4:
Cathode : 2O2 + 8e− → 4O2− (1.80)
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Anode : CH4 + 4O2− → 2H2O + CO2 + 8e− (1.81)

Typically, SOFCs operate at 700-800 oC using a nickel catalyst incorpo-
rated at the cathode.
ii) What might be the drawbacks of such a device?
The high temperature needed to achieve good oxide conductivity re-
quires an energy input and restrictions on the location of use. Nickel
metal is readily poisoned by H2 and other sources of sulphur. It can also
catalyse the formation of carbon from methane, hydrogen and carbon
oxides, fo example by the Bourdouard reaction (Equ. 1.82).

2CO = CO2 + C (1.82)

An alternative solid state device, called a protonic ceramic fuel cell
(PCFC) is being developed which utilises a proton conductor solid elec-
trolyte and electrodes, with the cathode also being a proton and electron
conductor.5

5C. Duan, J. Tong, M. Shang, S.
Nikodemski, M. Sanders, S. Ricote, A.
Almansoori, R. O’Hayre, Readily pro-
cessed protonic fuel cells with high per-
formance at low temperatures., Science,
2015, 349, 1321 - 1326.

iii) What are the electrode reactions for a PCFC cell using a) H2 and b)
CH4 as fuel?
a) For H2:

Cathode :
1

2
O2 + 2H+ + 2e− → H2O (1.83)

Anode : H2 → 2H+ + 2e− (1.84)

b) For CH4:

Cathode : 2O2 + 8H+ + 8e− → 4H2O (1.85)

Anode : CH4 + 2H2O → 8H+ + CO2 + 8e− (1.86)

One set of PCFC devices has used BaZr0.8Y0.2O(3−δ), a perovskite
material, as the electrolyte and basis of the anode, which also contained
nickel or copper. The cathode materials also contained cerium as in e.g.
BaCe0.6Zr0.3Y0.1O(3−δ). Such devices operated at 500 oC.
iv) What advantages may this type of cell have over SOFCs?
The temperature of operation is lower. Also the change in electrolyte
makes the conditions at the electrodes are different. It appears that the
kinetics of oxygen reduction at the cathode are improved and there is
little tendency to build up carbon at the anode.

7. Lithium ion batteries can be made with a variety of cathodes in-
cluding LixCoO2 and LixM(PO4).6

6C. Liu, Z. G. Neale, G. Cao, Under-
standing electrochemical potentials of
cathode materials in rechargeable bat-
teries, Mater. Today, 2016, 19, 109 -
123.

i) Draw an energy level diagram, to show the electron flow during the
discharge of a lithium metal/LixCoO2 battery. How will differ if the an-
ode is changed to Li/C?
Energy levels are represented in Fig. 1.20. The oxide orbitals will be
filled and the cobalt levels (Co(III) and Co(IV)) partially so. At the
other electrode the lithium metal will have a partially filled 2s band at
higher energy. During the discharge process electrons will fall from this
band to the cobalt band as lithium is ionised and cobalt reduced. With
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Fig. 1.20 Energy levels for Li/LixCoO2 and LiC/LixCoO2.

a graphite electrode the intercalated lithium will have transferred its 2s
electron to the π* system of the graphite layers, and the electron transfer
during discharge will be from this level to the cobalt. Once the charge
is lost, the Li+ ion will migrate from the graphite into the electrolyte.

ii) The cell voltage for LixM(PO4) is 4.1 V for M = Mn and 3.4 V
when M = Fe. Account for this trend.
In each case the discharge process results in the change from M(III)
(x=0 extreme) to M(II) (x=1 extreme). With the increase in atomic
number from Mn to Fe, it would be expected that the energy required
to attain Fe(III) from Fe(II) would be higher than that for Mn(III) to
Mn(II). For manganese this involves a change between d4 and d5 and for
iron between d5 and d6. For manganese the ionisation from Mn(II) to
Mn(III) involves breaking up the half filled sub-shell For a free ion all 5
electrons in the d5 set are indistinguishable, and this provides stability
gains from exchange energy (K ) (see section 3.4.1). In this configuration
there are 10 different pairs of electrons that can be exchanged, but on
ionisation to the d4 ion this number is reduced to 6. Hence there is a loss
of 4K increasing the energy necessary for ionisation. In contrast, the d5

set of spins are unchanged and it is the sixth electron with a different
spin that is lost. so there is no loss of exchange energy. Instead it is a
(repulsive) pairing energy (J ) which is lost on ionisation. This argument
is strictly for a free ion, but in a high-spin complex with a small ligand
field these effects are still evident. The combination of the two effects
means that the Fe(II)/Fe(III) requires less energy than Mn(II)/Mn(III).
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1.7 Chapter 6: Water

1. The vapour pressure of water can be estimated by the Buck Equation
(P in kPa and T in oC):

P = 0.61121 x e(18.678−
T

234.5 )(
T

257.14+T ) (1.87)

i) Given that the molar volume (Vm) at 273.15 K is 22.4 L, calculate
the Vm values at 20, 25, and 30 oC.
According to Charles Law, the Vm) values can be calculated by:

Vm(T ) = Vm(273.13) x
T

273.15
(1.88)

The values from Equ. 6.88 are 20 oC: 24.04, 25 oC: 24.45, 30 oC: 24.86
L; dividing these values by 1000 afford volumes in terms of m−3.

ii) Calculate the vapour pressures (kPa) of water at these three tem-
peratures.
From Equ. 6.87, the vapour pressures can be calculated as 20 oC: 2.3383
kPa, 25 oC: 3.1685 kPa, 30 oC: 4.2451 kPa.

iii) Calculate the vapour density (kg m−3) of water at these tempera-
tures.
From the values of the MW of water (18.015), Vm and the vapour pres-
sures, the vapour densities can be calculated as: 20 oC: 0.01728 kg m−3,
25 oC: 0.02302 kg m−3, 30 oC: 0.03303 kg m−3.

iv) A simple model of two rain storms would be to imagine a volume
of 1 km3 of atmosphere dropping in temperature by 5 oC from 25 oC and
30 oC. Calculate the volume of water held in this atmospheric volume
at saturation vapour pressure at these temperatures. From this calculate
the water released from the atmosphere after the 5 oC temperature drops
and the depth of the rain if this were deposited over an area of 1 km2.
The mass and volume of water (using a density of 1 g cm−3) can be
found by unit changes: from kg m3 to kg km−3 (x 109) to ton km−3

(divide by 1000) which is also the volume of water in m3 spread over
1 km2. Hence the volumes are: 20 oC: 17,279, 25 oC: 23,021, 30 oC:
30,335 m3. Hence the two rain storms will provide:
Storm 25 to 20 oC: = 23021 - 17279 = 5742 m3. Depth over 1 km2 =
0.0057 m = 5.7 mm.
Storm 30 to 25 oC: = 30335 - 23021 = 7313 m3. Depth over 1 km2 =
0.0073 m = 7.3 mm. An increase of 27%

2. The annual production of the major materials produced worldwide
tabulated in 201612 and their virtual water (VW) values are shown in
Table 6.14.
i) Complete Table 6.14 by calculating the total virtual water required for
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the production of the material in L and km3 and also the daily consump-
tion per person (Take the world population as 7.73 billion).
The values from columns 1 and afford those in the columns 3-5 in what

Table 1.5 Large scale materials

Material Annual production VW VW VW VW
ton L kg−1 L y−1 km3 y−1 L d−1 pp

Cement 7.5x108 37 2.78x1013 27.8 9.8
Paper/card 3.6x108 1000 3.6x1014 360 128
Soda glass 8.1x107 18 1.46x1012 1.5 0.5
Aluminium 4.4x104 1200 5.28x1010 0.05 0.02
Iron 2.3x109 50 1.15x1014 115 41
Brick 5.0x107 5.5 2.75x1011 0.3 0.1
Bamboo 1.4x109 700 9.8x1014 980 347
Softwood 9.6x108 700 6.72x1014 672 238
Polyethylene 6.8x107 58 3.94x1012 3.9 1.4
Polypropylene 4.3x107 39 1.68x1012 1.7 0.6
Polyester 4.0x107 200 8.0x1012 8 2.8
Polystyrene 1.2x107 140 1.68x1012 1.7 0.6
TOTAL 6.1x109 2.17x1015 2170 770

is Table 1.5 in this Study Guide. The total values are also given for
production and the estimate of water demand.
ii) Compare these values to those for the production of freshwater given
in section 6.2. Consider the consequences of this comparison.
The purpose of this exercise is to arrive at an approximate assessment of
the total demand for water for materials production, and in what area
causes pressure. In section 6.2, the figures for actual water withdrawal
for 2014 were 4000 km3 or 1416 L per person per day. The materials
in this list account for about 50% of this. Excluded from the list is
food, and much of transport, infrastructure and technology. It should
be stressed too that the VW estimates are just that. Indeed they will
vary widely between locations. However, it is evident that for materi-
als, pressure on freshwater supply comes from structural materials from
vegetation (bamboo, wood and then paper and card) The most demand
coming from an inorganic material is for steel. Cement, glass and brick
have relatively low water demands globally.

3. Table 6.15 includes information about the known land reserves7 and
7 USGS National Minerals Information
Center, Commodity Summaries, 2019.

seawater concentrations.
i) Calculate the molar concentration of these elements in seawater.
These are shown in Table 1.6. The range is from 0.47 to 5.58x10−11.

ii) Taking the volume of the oceans as 1.338 x109 km3, complete this
table by calculating the estimated quantity of these elements in seawater
and hence the ratio between that and the land reserves.
These values are also in Table 1.6. The majority of the quantities of
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Table 1.6 Minerals on land and in the ocean

Element AW Reserves Ocean Ocean Ocean Ratio
ton mg L−1 mol L−1 ton

Sodium 22.99 1.0x109 10800 0.47 1.45x1016 1.4x106

Magesium 24.305 2.9x109 1290 0.053 1.73x1015 590,000
Potassium 39.098 4.8x109 392 0.010 5.24x1014 110,000
Lithium 6.94 1.4x107 0.17 2.45x10−5 2.27x1011 16,000
Molybdenum 95.45 1.7x104 0.01 1.0x10−7 1.34x1010 790,000
Copper 63.546 8.3x109 0.0009 1.42x10−8 1.2x109 0.14
Gold 196.967 5.4x104 0.000011 5.58x10−11 1.4x107 270

the elements in the oceans are >105 time larger than the known land
reserves. The ratio for lithium is an order of magnitude less, and for
copper, the land reserves exceed that in the oceans

iii) Comment on the prospects for mining these elements.
It is evident that sodium is not in shortage; there are considerable know
land reserves and the ocean content is over a million time higher than
this. It relatively high concentration means that gathering it from the
sea will continue to be a viable option. Land reserves are slightly lower
than those for sodium, and the ocean concentration is an order of mag-
nitude lower. Extracting magnesium for the sea looks plausible from
this figures. For potassium, there is further reduction in ocean and land
abundances. Chemically this is somewhat more difficult to extract from
the major cations in seawater, but the oceans do provide an options for
its extraction. The smallest of the Group 1 elements is about 500 times
more dilute in molar concentration, but also in land concentration (in
terms of mass). A discussed in section 6.6, this may represent a future
practical limit for mining from seawater.

The remaining three elements in Table 1.6 are present in subµM to
sub nM concentrations, rendering their extraction from the more abun-
dant elements very difficult. For copper the ocean content is less than
the land reserves, and so developing a process for that has little impe-
tus. Molybdenum has a relatively low land reserve level and the ratio
of ocean/land is high. Developing selective extraction methods from bi-
ological concentration methods might be feasible in future. There may
be more gold in the sea than the known land reserves. But the factor
is only ≈270. Much of the oceans are not very accessible, and so the
viable volume is considerably less than that of the entire oceans. Given
that factor and the picomolar concentration, this seems a very unlikely
mining method.

4. The standard electrode potentials of vanadium are as follows:
V2+/V -1.175 V; V3+/V2+ -0.255 V; VO2+,2H+/V3+,H2O 0.337 V;
VO2

+,2H+/VO+, H2O 0.991 V.
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i) Construct a Frost diagram as described in section 2.7 for vanadium
(That is n.Eo versus oxidation state; n is the change in oxidation state
of the electrode potential).
The Frost (oxidation state) diagram from this data is shown in Fig. 1.2.
The abscissa is the Gibbs Free energy divided by the Faraday constant
and so the diagram shows the relative free energy of the oxidation states
under standard conditions. The starting point is the elemental state,
which is defined as ∆G = 0. Hence the V(II) point is the product of
the Eo and oxidation state change (+2). The change from V(II) to
V(III) can be charted using the appropriate Eo, and likewise for (IV)
from V(III). For V(V) the starting point is V(IV). This diagram shows
that V(II), V(III) and V(IV) are similar in energy, with V(III) the most
stable.

Vanadium
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Fig. 1.21 A Frost diagram for vanadium.

ii) Two of these steps involve the consumption of protons. Write out
the chemical equations for this steps.
These steps are Equ.1.89 and 1.90.:

V O2+ + 2H+ + e = V 3+ + H2O (1.89)

V O+
2 + 2H+ + e = V O+ + H2O (1.90)

iii) Correct the potential for this step for the pH of seawater (8.2) and
amend the Frost diagram.
For this correction the Nernst Equation is required to provide the effect
of [H+] on the electrode potential (also described in section 2.7, Equ.
2.84-2.86)), and in this case provides the correction in Equ. 1.91

E = Eo − 0.0592pH = Eo − 0.485 (1.91)

The effect of the reduced [H+] will be to shift the equilibria in Equ. 1.89
and 1.90 to the left, and this is manifest in the correction toE. The cor-
rected Frost diagram is shown in Fig. 1.22. Both V(IV) and V(V) are
stabilised and it is the vanadyl unit, [VO]2+ which is the most stable.
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Vanadium at pH 8.2
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Fig. 1.22 A Frost diagram for vanadium at pH 8.2.

iv) Comment on the observation that methods to selectively extract ura-
nium from seawater experience competition from vanadium.
There are considerable similarities between the core cationic species in
each case: [UO2]2+ and [VO]2+.

5. Molybdenum is present as different types of ores, for example as
MoO3 in oxidic environments and MoS2 is sulphidic ones. Under oxi-
dising weathering conditions it can be present in groundwater at concen-
trations of the order µM in some regions. There is strong evidence that
ruminant animals in these regions can suffer from diseases associated
with copper deficiency. Indeed treatments for this induced copper defi-
ciency seek to ensure that the Cu/Mo molar ratio should be in excess of
2.
i) What species may be responsible for the transport of molybdenum in
groundwater?
As discussed in section 3.3, the lower ionisation energies of Periods 5
and 6, compared to Period 4, and their higher bond energies result in
the higher oxidation states being more stable. Thus, as in MoO3, the
maximum oxidation state can provide the most stable species. In ap-
proximately neutral pH and in water, there are a series of oxoclusters,
called polyoxometallates that are formed under preparative conditions.
But at µM concentrations of the groundwater sites8 monomeric species

8P. L. Smedley, D. G. Kinniburgh,
Molybdenum in natural waters: A re-
view of occurrence, distributions and
control, Appl. Geochemistry, 2017, 84,
387 - 432.

will be prevalent. It is thus the tetrahedral complex [MoO4]2− which
will be the dominant species in those sites.

ii) What other molybdenum complex could be formed in the rumen of
these animals?
In the rumen, food is digested over a long period of time, and this re-
leases sulphide from food, for example from enzymes and proteins (Three
of the aminoacid types contain sulphur. Hence a plausible new complex
will be tetrathiomolybdate, [MoS4]2−. The common molybdenum sul-
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phide is for Mo(IV), but the formation of a salt of an anionic complex
provides an extra stability, due to the lattice energy (as a solid) or sol-
vation (as a solution) energy,, and this allows Mo(VI) to be stable.

iii) How might this interact with copper?

Fig. 1.23 The CuMoS chains in
(NH4)CuMoS4.

The copper in taken into the rumen can be present as Cu(I) or Cu(II).
The lower oxidation state as a softer metal site would have a preferred
interaction with the sulphide (as opposed to oxide). Accordingly struc-
tures like that of (NH4)CuMoS4 in Fig. 1.23. In this 1:! MoV I :CuI com-
plex both the metals adopt a tetrahedral coordination. Since they are do

and d10, respectively there are no LFSE affects and the most sterically
favoured coordination geometry is adopted. The [MoS4]2− can thus act
as a bidentate ligand bridging two copper sites, then molecular species of
the type [CuIS2MoV IS2CuI ] can be envisaged. Hence the Cu:Mo molar
ratio needs to exceed 2 to avoid the bulk of the copper from being se-
questered and becoming unavailable for its normal biochemical function
in the ruminant.

1.8 Chapter 7: Prospects

The questions in this chapter are deliberately of a different character
to those in the chapters above. Here the emphasis is on evaluating the
scientific evidence and the global context. From that assessments are
required to choose the best course. Then this course is to be outlined.
The resources provided stretch far beyond the text via the extensive
referencing of sources. These questions can be considered as templates
which can be adapted to other scenarios.

1. Imagine you are making a representation to the board of an inter-
national agency. Your interest is in population stabilisation. Outline
your views about the desirability of such a program. How would you pro-
pose to the agency that they go about this?
The effects of population encompass the levels of emissions, demand for
food, materials and water and also space for habitats. The evidence is
to the first approximation that people the world over behave in a similar
with with regard to the number of children they have. Nurturing con-
ditions where where people can see that their children are likely to live
to maturity and that they are likely to have a lengthy lifespan lowers
the need to have large families. There are other factors such as educa-
tion and cultural background. There is evidence that spreading these
improved prospects more widely might result in some reduction from a
maximum in the 22nd century.

2. Global mine production of cobalt is estimated to have been 120 kt
in 2017, and is expected to rise. Secondary production of cobalt in the
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USA that year was 2.75 kt, and globally, recycling was ≈ 10 kt. Con-
sider the main uses of cobalt and assess whether demand for it is likely
to increase in the next decade. What processes look to be good prospects
for the extraction of cobalt from end of life products? Assess whether
these can make a significant contribution to the supply of cobalt in the
future.
A good starting point is provided by the Mineral Commodity Summaries
of the US Geological Survey (usgs.gov). The Cobalt survey up to 2018
was published in February 2019, and this is the normal pattern. It can
also provide links to industry bodies, in this case the Cobalt Institute
(https://www.cobaltinstitute.org). The main uses for cobalt in the USA
in 2018 are shown to be in superalloys for aircraft turbines and chemical
applications (including catalysis in processes like the Fischer Tropsch
Reaction). However, the country with the majority of production is
China, and 80% of its supply is going into lithium ion batteries; it is
also used in NiMH and NiCd batteries. It is also employed in high per-
formance magnets alloyed with samarium, This provides a good basis
upon which to expect demand to grow over the next decade. Some sub-
stitution for cobalt by the more abundant nickel may offset some of the
increased demand expected from rechargeable batteries.
Extraction methods have been based on the presence of cobalt in oxide
and sulphide minerals containing copper and nickel, and also those with
arsenic, e.g. (Co,Ni)As3 and CoAsS. The two main uses are going to
provide cobalt in very different environments: as lithium cobaltate from
batteries and high temperature alloys with early d -block elements like
Ti, Cr, Zr) and carbon or with an f -block element. These materials
provide challenges for recycling. As much separation of types as possi-
ble needs to be achieved. Metal catalysts tend to be dilute in cobalt,
and probably the lowest priority.. The high temperature alloys require
an electric arc furnace for initial treatment. Sequences of pretreatment
and separation be pyrometallurgical (forming CoS) or hydrometallurgi-
cal processes, with complexing agents as outlined in section 3.3.3, have
been catenated to provide commercial processes for recycling of battery
materials.9,10 These are likely to be the bulk of the scrap materials pre-

9H. Pinegar, Y. R. Smith, Recycling
of End of Life Lithium Ion Batteries,
Part I: Commercial Processes, J. Sus-
tain. Metall., 2019, 5, 402 -416.

10A. H. Tkaczyk, A. Bartl, A. Amato,
V. Lapkovskis, M. Petranikova, Sus-
tainability evaluation of essential crit-
ical raw materials: cobalt, niobium,
tungsten and rare earth elements, J.
Phys. D: Appl. Phyus., 2018, 51,
203001.

sented in the coming years. This is not presently viable on a local basis
due to the complexity of the processes, but could be achieved on a re-
gional basis with local collection points.

3. Mindful of the EU’s 2017 list of critical raw material, consider the
possibility of the extraction of boron compounds from seawater. Inves-
tigate the main uses of boron and its compounds. Assess if demand is
likely to increase over the next decade? Examine the current sources of
boron? Assess the viability of extraction of boron from seawater, consid-
ering the forms will boron take, and how it might be isolated. What is
your overall judgement about the future of the supply of boron?
According to the USGS assessment, the majority (75%) of boron is used
as borates in ceramics, detergents, fertilisers and glass. About 90%
of the served by four minerals, colemanite (CaB4O4(OH)3·H2O), ker-
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nite (Na2B4O6(OH)2·3H2O), tincal (Na2B4O5(OH)4·8H2O) and ulexite
(NaCaB5O6(OH)6·5H2O). The major reserves are in believed to be in
Turkey, with significant reserves in the USA, Russia and Chile. There
are unspecified reserves in Argentina, Bolivia and Kazakhstan. In the
USA, borates are extracted from brines in some locations. Increase in
demand is expected, with glass fibres being a significant factor. Boron
is also a component in neodymium-iron magnets.
That there is already an extraction method operating from brine sources
suggests a pathway to seawater sources may be in sight. The con-
centration of boron in seawater is relatively high (4.45 ppm) with a
crust/seawater ratio of ≈ 2

5 ; this has been assessed to be economically
feasible.11 Boric acid, B(OH)3 is a weak acid with a pKa of 9.14 in pure

11P. Loganathan, G. Naidu, S. Vi-
gneswaran, Mining valuable minerals
from seawater: a critical review, En-
viron. Sci.: Water Res. Technol., 2017,
3, 37 - 53.

water (Equ. 1.92); At seawater concentrations polyborate anions are
also going to be in very low concentrations. There is evidence that al-
kali metal salts in brines stabilise the anions, as might be anticipated.12

12J. Peng, S. Bian, Y. Dong, W. Li, Re-
search on boron recovery from sulphate-
type saline lakes with a novel dilution
method., Hydrometallurgy, 2017, 174,
47 - 55.

This study on a salt lake with borate concentrations in the order of 1
- 5% showed that Mg2+ could be used to extract boron. However, this
will be less viable for ppm levels of boron.

B(OH)3 + 2H2O = B(OH)−4 + H3O
+ (1.92)

More promising is a membrane electrodialysis method which has been
developed to extract boron from waste water.13 this was developed start-

13M. Noguchi, Y. Nakamura, T. Shoji,
A. Iizuka, A. Tamasaki, Simultaneous
removal and recovery of boron from
waste water by multistep bipolar mem-
brane electrodialysis, J. Water Process
Eng., 2018, 23, 299 - 305.

ing from a feed of 100 mg L−1 of sodium borate and after 4 steps this
was concentrated to 10,000 mg L−1. At present there does not appear to
be a tested extraction method from seawater, but it does seem plausible
that one could be developed.

4. Imagine now that you are a member of a national board with the
responsibility of enacting policies to tackle climate change. One of your
colleagues does not think this should be a matter of a national policy as
they do not consider people’s activities can influence the climate. You
have a chance make the case in a 3 minute slot, and have one sheet of
A4 available to you. Set out the case that you would make.
There are at least two sides to this question. One is a question of scale
and influence. In terms of scale, the population is large, so 7.7 billion
times a change in a parameter can give a large result. In terms of influ-
ence. Providers also understand the effect of scale and so if a trend in
behaviour begins, providers may move to provide for that new pattern.

The second point is recognising a trend above the noise and then
understanding a causal link. Up to the 1980s, it would be possible not
to be struck by the anthropogenic contribution to global temperature
rise (Fig. 7.7). However, this is difficult to maintain at his time. The
improvement in measurement, remote sensing from satellites, computer
modelling and graphics provide demonstrations of results with a strong
scientific base. Also the mechanistic link from the properties of CO2 (IR
spectrum, acidity in aqueous solution) through the quantitative evidence
of fossil fuel combustion and atmospheric concentration to greenhouse
and ocean acidification effects are well understood.
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A case can be made graphically from these two approaches.

5. The same national board is considering whether to use RCP2.6 as
a guideline for a national strategy. Assess any evident deviations from
this pathway in current observations. What would be your priorities for
steps aimed at achieving the target at limiting temperature rise to 1.5
oC? A clear approach is to compare the observed patterns of annual
emissions with those within RCP2.6 (e.g. by comparing Figs. 7.3 and
7.9). At the time of writing in autumn 2019, a dramatic reduction in
the emissions of greenhouse gases seems to very unlikely to occur within
12 months. Indeed there is evidence that we are closer to RCP8.5 than
RCP2.6.

The priorities would have to be nested introducing those with most
effect and most viable quickly bit also identifying those hat require a
longer lead-in time to realise. Figs. 7.8 and 7.9 give some guidance.
Rapid reduction in the emissions of CO2 and CH4 are required to get
close to RCP2.6. Although it is the lesser contributor overall, methane
has a much shorter residence time, and so reduction in concentration
and thus the radiative forcing contribution can be evident over a 10
years period. For CO2 the reduction in concentration needs also to be
driven because of its persistence in the atmosphere. Thus carbon capture
and storage are also required. Capture into seasonable vegetation does
not achieve this (as shown in Fig. 4.12). The storage must be for
longer periods of time. Thus reafforestation would sequester carbon for
decades or longer. Clearly this is a known, established technology that
can inited globally. the effect will be most noticeable in tropical areas.
Other methods like mineralisation will retain carbon for many millennia.
There is a longer lead-in period for this development and so longer-term
planning would need to be undertaken.

Restricting emissions from the fluorinated gases is being achieved by
legislation. Developing alternative methods of uses such as in refrigera-
tion and air conditioning would hasten this.

6. You have now been asked to advise on four energy proposals:
a) an opencast mine to provide 7 M ton of coal,
b) extraction of up to 200 trillion cubic feet shale (natural) gas,
c) a wind farm of 22 turbines rated at 3MW peak power and
d) a solar farm rated at 25 MW peak power affording 2.4x107 kWh an-
nually.
Assess the relative magnitude of these proposals in terms of energy gen-
eration and comment on the contributions they might make towards
RCP2.6. Which might you recommend to approve on this basis?
This is the headline information that is typically made available about
proposals for new development in the energy sector. Each is presented
with their own type of unit and so comparisons on the face of this infor-
mation are difficult. Each could be assessed on the basis of the energy
likely to be produced, and the greenhouse gases that might be associ-
ated with that. There are other factors with regard to the environmental
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impact of the locations, and also the efficacy of the devices for power
generation. No information in the question allows these to be assessed.

For a) the quantity of coal can be converted onto toe units using the
appropriate conversion factor.14. Hence this site might afford 4.9 Mtoe.

141 toe = 1.42 t hard coalHowever, there is no information about the nature of the coal. If the
coal is brown coal (lignite), the calorific value may only be half that of
hard, black coal. In that case the energy yield may be ≈2.4 Mtoe.

The production from site b) requires a unit conversion from cubic feet
to tons of natural gas and also to toe, starting with the conversion into
m3 (Equ. 1.93).

1ft3 = 0.30483 m3 = 0.028317m3 (1.93)

Hence the volume of gas is given by Equ. 1.94.

V olume = 200x1012x0.028317m3 = 5.7x1012 m3 (1.94)

Converting to L, taking the molar volume at room temperature to be
24 L and the natural gas to be solely methane, the mass of CH4 will be
given by Equ. 1.95.:

Mass = 5.7x1015x
16

24
g = 3.8x1015 g = 3800Mt. (1.95)

Using the conversion factor for LNG (0.805 t = 1 toe), this mass would
provide a total energy of 4700 Mtoe. Clearly this is a project providing
≈1000 times more energy.

Site c) has a set of 22 turbines each with a power rating of 3 MW.
Understanding what this might mean can be helped by the book by
David MacKay.15 The rating is a peak power, but in practice the aver-

15D. J. C. MacKay, Sustainable Energy
- without the hot air, 2009, UIT, Cam-
bridge, UK.age delivery will be nearer to 1 MW in a good site. Depending upon a

layout that allows each turbine to attain its maximum power, the max-
imum output that can be expected is 22 MW. If we assume a use for 20
years, then the energy that might be generated would be given by Equ.
1.96:

Lifetimeenergy ≈ 22000x24x364.25x20kWh = 3.85x109kWh (1.96)

A conversion unit from Table 1.1 in chapter 1 provides 1 toe = 42 GJ.
Hence the lifetime energy should be converted from kWh to GJ (Equ.
1.97):16

161 kWh = 3600 J = 3.6 MJ

Lifetime energy ≈ 3.8x3.6x109 MJ = 1.38x107 GJ (1.97)

and thence to tons of oil equivalent (Equ. 1.98):

Lifetime energy ≈ 1.38x107/42 toe = 3.25x105 toe = 0.325 Mtoe.
(1.98)
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Hence this would provide ≈ 1
15 of the energy from the coal extraction. If

the turbines ran for 30 years and the coal were lignite, this ratio would
change to ≈ 1

5 .

There is a similar issue about definition with solar power, which depends
upon location, season, weather and time of day. In our experience in
southern England a 4.1 kWp rating can be expected to afford about 4.1
MWh in the first year. This is roughly consistent with the specification
for this solar farm with a peak power of 25 MW affording an annual
yield of 2.4x107 kWh. This can be converted into GJ over a 20 year
period by Equ 1.99.

Lifetimeenergy ≈ 2.4xx20x3.6x107MJ = 1.72x106GJ = 4.1x104 toe
(1.99)

This facility would provide 1
8 of the lifetime energy of the wind farm and

thus affording ca. 0.041 Mtoe. The relative scales are shown in Equ.
1.100.

gas field >> coal field > wind farm > solar farm (1.100)

Trying to establish whether a proposal should be approved on the in-
formation provided is not really feasible, since there are many factors
involved. However, we can make some assessments against the driver to
reduce GHG emissions under RCP2.6, using guidelines from Tables 7.5
and 7.8 and Fig. 7.12. Coal production would be approximately neutral
if it directly replaced other coal supplies. There may be some gains in
terms of greenhouse gases if it is of higher calorific value. For exam-
ple, if this new supply were of the type for electricity generation, and
this replaced ”domestic” type of coal, a reduction of ca. 10% might be
achievable. Displacement of any other fuel types seems likely to increase
emissions of CO2e.

The generation of energy from shale gas could, for example, displace
use of ”domestic” coal or burning oil, The reductions in the emissions of
CO2e could be in the region of 47 and 25%, respectively. Replacement
of other sources of natural gas would at best be neutral.

The emissions from the renewables will be small, and so there is close
to 100% reduction in emissions, gaining whatever is displaced from op-
eration. This is modified to some extent by the energy invested in any
new constructions for extraction, generation and transmission.


