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Thermodynamics

Chem cal thernodynamcs is the study of the energy changes which
occur during a chem cal reaction.

Any system of nol ecul es has associated with it a certain anount of
energy known as Enthal py (H). This is the sumof the

transl ational, rotational, vibrational and el ectronic energies.
Actual enthal pies are not nmeasured ; only differences in enthal py

(DH) can be neasur ed.

For a chem cal reaction

DH = enthal py of products - enthalpy of reactants

If the reactants and products are in their standard states (solid,
liquid or gas at 273 K and 1 atnosphere pressure) the enthal py

change is referred to as the 'standard ent hal py change' DH.. W
wi Il assune standard conditions throughout these notes.

Note the rise in enthal py as solid water beconmes gaseous water due
to the increase in the degree of translation, rotation and
vi brati on possible :

41 kJ
H,Ql)
6 kJ
H,Q('s)
i.e. H,O(s) -> HO(I) DH = 6 kJ
HO (1) -> HO0(g) DH = 41 kJ
NB. H,O(l) ~-> HO(s) DH = - 6 kJ
HO (g) -> H,0(I) DH = - 41 kJ

Since energy cannot be |ost or gained during these two steps, we
can deduce DH for the conversion of solid water directly into
gaseous wat er

H,0 (s) ->  H,0 (g) DH = 47 kJ

This is a consequence of the First Law of Ther nodynam cs.

The First Law of Thermodynam cs states that energy
cannot be created or destroyed but nmay be transfornmed from
one forminto anot her.
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Molar Enthalpy of Combustion

The nol ar enthal py of conmbustion is the heat given out when 1 nole
of a substance is burned conpletely in Oxygen.

e.g.the nol ar enthal py of conbustion of Ethanol is - 1371 kJ nol -1
Calorinmetry is used to neasure the enthal py change in a chem cal

reaction. Heats of conbustion are nmeasured using a Bonb
Cal ori meter.

Power supply

Ther nonet er
—L
+— 20 kg water
Oxygen
ég%i 1. 24069 Benzene

A known mass of the substance (1.2406g of Benzene in the above
exanple) isignited with an electrically heated wire and the heat
evol ved rai ses the tenperature of a known mass of water in the
surroundi ng jacket. Here is an exanple of a determ nation of the
nol ar ent hal py of conbustion of Benzene:

Rise in tenperature = 0. 6227 oC
Heat given out on burning 1.2406g of Benzene = cnDT
= Heat given out on burning 78g (1 nole) of Benzene = cnDT.78
1. 2406

4.18 x 20 x 0.6227 x 78
1. 2406

3273 kJ nol -1

Molar Enthalpy of Formation AH;

The nol ar enthal py of formation is the energy change when 1 nole of a
substance is formed fromits elenents in their standard states.

The nol ar enthal py of formation of Amoniumchloride is
- 315 kJ nol -1, This nmeans that DH for the reaction :

1/2 N,(9) + 2 Hy(9) +  1/2 d,(9) ->  NH+A - (s)
is - 315 kJ.

Most val ues of DH have to be found indirectly since the reactions
are al nost inpossible to carry out.
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It is a consequence of the first |aw of thernodynam cs that energy
is conserved in a chemcal reaction. Hess applied this lawto
chem cal reactions to produce his own version of the first |aw:
in a chemcal reaction the energy change is al ways the sane
irrespective of the route taken.

W can therefore find DH indirectly using reactions for which DH
can be neasur ed.

e.g. the nolar enthal py of formation of CH,

C - 2 H, -> CH, DH

is calculated fromthe results of 3 separate experinents :

DH kJ
1 CH + 20 -> 0O, + 2H,0 - 883
2 H, + 120 > H,0 - 286
3 C + 0 > M, - 393

Now, rewite the above equations such that, when added together,
they will give the main equation (in box) i.e. try to get C and 2H,

on L.HS and CH, on RH S :

DH kJ
2 x 2: 2t + O ->  2¥60 - 572
3 : c + & > ok - 393
-1 o + 2460 -> G4+ 206 + 883

Add C + 2k -> CHs - 80

Hence DH (CH4) is - 80 kJ nol -1

Problem: Calculate the nolar enthal py of conbustion of Methane
given the follow ng heats of formation :

DH (CH) =  -82 kJ nol-1
DH (CQy) -394 kJ nol -1
DH (H,0 -286 kJ nol -1
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Answer DH kJ
Tar get . CH, + 206 -> CO, + 2 H,0 ?
G ven: C 2 H, -> CH, - 82

C + Q -> CQ, - 394

H, _%oz ->  H,0 - 286
Modi fy: CH, -> £ + 2 M, + 82

Z + O -> 0O - 394

2 A, o, -> 2 H,O - 572
Add: CH, + 2 6 -> co, + 2 H,O - 891

=> Mol ar enthal py of conbustion of CH, is - 884 kJ nol -1

We can shorten this nmethod considerably. On cl ose exam nation :

DH =|DH (CO) + 2DH (H,O - DH (CHy)

fromwhi ch we can obtain a general equation :

DH aDH (products) - aDH (reactants)

The answer to the previous question may now be witten thus :

DH = &DH P - 4DH R
=  [-394 + 2(-286)] - [-82 + 2(0)]
= - 884 kJ nol-1

[ NB. DH (OG) = 0]
Molar Enthalpy of Atomisation AH_,

The nol ar enthal py of atomsation is the energy taken in when 1 nole
of an elenment is converted into gaseous atons e.g.

C (s) -> C (9) DH; = + 719 kJ nol -1

Molar Bond Enthalpy AH

The nol ar bond enthalpy is the energy required to break 1 nole of
bonds e. g.

c-C -> C + C DHy = + 348 kJ nol -1

Mean bond ent hal pi es are average val ues e.g. the bond enthal py of the
C-C bond varies slightly depending on the conpound - Ethane, Ethanol
etc. The bond enthal py can be cal cul ated by consi deri ng bond
formation as one of the steps involved when a conmpound containing the
bond is fornmed fromits el enents.



ADVANCED H GER 5 Thenodynani cs

Pr obl em

Cal culate the G H bond enthal py in Methane fromthe foll ow ng
i nformation

+ 719 kJ nol -1
+ 435 kJ nol -1

Mol ar ent hal py of atom sation of Carbon
H H nol ar bond ent hal py

Mol ar enthal py of formation of Methane = - 82 kJ nol-1
Answer
A9) 4Hg) i A9) 4H(9)

870 kJ
Ag) 2H,(9) o

4 DH( G H)

719 kJ

As)  2H(g) ——
#82 kJ
\ 4

CH,(9)

| gnoring signs,

4 DHy( G H) = 82 + 719 + 870
= 1671
=> DH(CH = 1671
4
= 418 kJ nol -1

Electron affinity EA
The el ectron affinity is the energy change (usually given out) when 1

nol e of electrons is added to 1 nole of atons or ions in the gas
state e.qg.

1 (g) + e > - (g) DH = - 314 kJ nol -1

The electron affinity is greatest for small atons close to the noble
gas structure e.g. Fluorine.

Molar Lattice Enthalpy LE

The nolar lattice enthalpy is the energy given out when 1 nole of an
el ectroval ent conpound is forned fromits ions in the gaseous state

e.g.
K+(g) + a-(9) -> K+d - ('s) DH = - 701 kJ
Lattice energy cannot be neasured directly. It can be cal cul ated by

considering lattice formati on as one of the steps involved when an
el ectroval ent conpound is fornmed fromits el enents.
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Pr obl em Calculate the lattice energy of Sodiumfluoride given the
followng information :

Mol ar ent hal py of atom sation of Sodi um = + 109 kJ nol -1
Mol ar bond ent hal py of F-F bond = + 160 kJ nol -1
1st ionisation energy of Sodium = + 494 kJ nol -1
El ectron affinity of Fluorine = - 332 kJ nol -1
Mol ar ent hal py of formation of Sodium fluoride= - 568 kJ nol -1
Na"(g)  F(g) vy Nat(g)  F(g)
494 KJ 332 kJ
Na(g)  F(g) Na"(g)  F(9)
A
80 kJ

Na(g) +F,(9)

109 kJ LE
Na(s) 3F,(9) A
i568 kJ
A 4 Nat F™(s)
I gnoring signs :
568 + 109 + 80 + 494 = 332 + L. E

Hence nunerical value of lattice energy is 919

=> L.E. =- 919 kJ nol-1

Molar Enthalpy of Hydration Athd

The nol ar enthal py of hydration is the energy given out when 1 nole
of gaseous ions is dissolved in excess water. During hydration
attractive forces are formed between the ions and the pol ar Water
nol ecul es.

Exanpl e : nol ar enthal py of hydration of K+t(g) = - 322 kJ nol-1

K+(g) -> K+(aq) DH = - 322 kJ

H
N . .
0
J/

H
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Exanpl e : nolar enthal py of hydration of d-(g) = - 364 kJ nol-1
a-(9 -> c-(aq) DH = - 364 kJ
/H
- d+
d —H—OO

Molar Enthalpy of Solution

The nol ar enthal py of solution is the energy change when 1 nole of
solute is dissolved in excess water e.qg.

K+d - (s) -> K+(aq) + d-(aq) DH = + 15 kJ

When an el ectroval ent substance di ssolves in Water energy is first
taken in to overcone the attractive forces between the ions (LE) then
energy is given out when the Water nol ecul es cluster round the ions

( Dl_ﬁ']yd)

K'(g) d (g) I K'(g) d (g)

322 + 364 kJ

701 kJ

Y k*(aq) O (aq)

15 kJ

<+—>

K'd ™ (s)

Entropy

Due to nol ecul ar randommess, not all the energy of a system of
nol ecul es is available for doing work. Imagine a system of nol ecul es
inside the follow ng cylinder doing work against the piston pushing

it out
OOo [l

Not all the nolecules will push against the piston ; sone will hit
the sides of the cylinder. The higher the tenperature the nore

di sordered the nol ecul es becone and the | ess energy is available
to push agai nst the piston

i.e. unavail able energy(U Tenperature(T) or

U = ST where S

proportionality constant
unavai | abl e energy per degree

S is a neasure of the degree of disorder of a substance and is
known as the Entropy.
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Since gases are nore disordered than liquids and |iquids nore
di sordered than solids, it follows that

S(g) > S(l) > S(s)

The Third Law of Thermodynam cs states that the
entropy of a perfect crystal at 0 Kis 0.

Al'l entropies are conpared to the zero entropy of a perfect
crystal.

Exanple : Water State S JK1npol-1
gas 189
l'iquid 70
solid 48

The standard entropy SO is the entropy of the substance in its
standard state. At standard conditions (273 K and 1 atnosphere

pressure) Water is a solid so its standard entropy is 48 JK-1 nol-1

An increase in the nunber of gas nolecules in a reaction therefore
causes an increase in the entropy of the system and vice versa.

Problem: Find the change in entropy DS for the reaction :

2 HLAl) -> 2H(g) + 09

given the followi ng data

Subst ance | Ent ropy/ JK “1nol %
H2(9) 131
02(9) 205
H,al) | 70
Answer : DS = &S, - asy
= [ 2(131) + (205 ] - [ 2(70) ]
= + 327 JK1

In this reaction there is an increase in entropy (DS is positive)
due to the increase in the nunber of gas nol ecul es.

The Second Law of Thernodynam cs states that a reaction
wi Il proceed spontaneously (wi thout any outside aid) only
if there is an overall increase in entropy.




ADVANCED H GER 9 Thenodynani cs

Many chem cal reactions occur spontaneously however where the
entropy appears to decrease!!

e.g. 2 H(g + Og) > 2 HO(1) DS = - 327 JK1
NHy( 9) +  Hd(g) ->  NH,Q (s) DS = - 285 JK1
2 00(g) +  Oy(9) -> 2 Coy(g) DS = - 173 JK1

In ALL of these reactions however, DH is negative - heat is given
out. The surroundi ngs heat up. The nol ecul es of the surroundings
nove faster and become nore di sordered. The overall entropy

t herefore does increase.

Free Energy

Consi der again the nol ecul es doi ng work agai nst the piston. Due to
their randommess, only part of their energy is available for doing
wor k. The energy available for doing work is called the Free

Energy (G.

Therefore :
Free energy(Q = Total energy(H - Unavai | abl e energy(TS)
or G = H - TS

Consi der a chemcal reaction in which the free energy of the
products (Go) is greater than the free of the reactants(Gy)

G
“ P
Free A

ener gy |

The change in free enerqgy,

DG = G - G
is positive.
Work nmust be done on the reaction to get it to occur. The work

required by the reaction is + DG The reaction will not occur if
this energy is not supplied.

Reactions with a positive DG are non-spont aneous - they do not
proceed w t hout outside aid.
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Now consider a reaction in which the free energy of the products is
| ess than the free energy of the reactants.

Cr

Free A

ener gy |

The change in free enerqgy,

DG = G - &
IS negative.

W end up with less free energy than we started with, therefore
free energy has been given out during the reaction ; the reaction

has done work. The work done by the reaction is - DG

Reactions with a negative DG are spont aneous - they proceed
wi t hout outside aid.

The rate of change of free energy has its maxi mumval ue at the
start of the reaction when reactants are changing into products
nmost qui ckly.

As the reaction progresses, reactants change to products nore
slowy and, as a consequence, the rate of change of free energy
sl ows down.

When equilibriumis reached and there is no further change in the
quantities of reactants and products, the rate of change of free

energy becones zero. At equilibrium therefore, DG = 0.

Free Energy of Formation

The Free Energy of Formati on DG of a substance is

the change in free energy when 1 nole of the substance
is formed fromits elenents in their standard states.

e.g. the statenent

"free energy of formation of NH,*Cl- is - 204 kJ nol-1 at 298 K
means that DG for the reaction :

172 Ny(9) + 2 Hy(9) + 12 A,(9) ->  NH+*A - (s)

is - 204 kJ at 298 K

As with nolar enthal pies of formation, values of DG can be used to
find DGfor a reaction.
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Problem: Find DG for the following reaction at 298 K :
CH,(9) + 2 G,(09) GG,(9) 2 H,Al)
given the follow ng data :

Substance | DG /kJ nol -1

CH,(9) - 50.8

CO,(9) - 395

H, Q1) - 237

N.B. DG (0O) = 0

Answer DG = &DGp - aDG g

=[- 395 + 2(- 237)] - [- 50.8 + 2(0) ]
= - 818.2 kJ

This is a spontaneous reaction (DG -ve) ;

reaction is

818. 2 kJ.

The Gibbs-Helmholtz Equation

wor k done by the

Consi der the changes in G Hand S during a reaction at constant

tenperature T.
G H
R R
Sg
React ant s
KR = H TSR
= (& - & = (B - TSp)
= (o - H)
= |AG = AH - TAS

N. B.

DG varies with tenperature.

Pr oduct s

G = H
- (Hs

- T (S

TSp

TSR)

- SR
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Four types of reaction can now be identified :

Type DH DS DG
1 - ve + ve al ways - ve
2 + ve - ve al ways + ve
3 - ve - ve - ve <=> T low
4 + ve + ve - ve <=> T high

Exanpl e of Type 1 DH - ve and DS + ve

CHOHI) + 320(g) -> 009 + 2 HOg)

This reaction is spontaneous at all tenperatures.

Exanpl e of Type 2 DH + ve and DS - ve

6 HLAl) + 6 00(9) -> GHG(s) + 6 0(09)

Phot osynt hesi s i s not spontaneous at any tenperature ! The reason
it occurs is because the necessary work is done on the reaction by
t he sun's energy.

Exanpl e of Type 3 DH - ve and DS - ve

H(g9) + 12 0(9 -> HA9)

This reaction is spontaneous only at | ow tenperatures.

Exanpl e of Type 4 DH + ve and DS + ve

CacOy(s) -> CaQs) + QO (g)

This reaction is spontaneous only at hi gh tenperatures.

Pr obl em

The followi ng reaction occurs in the blast furnace:

(1) Fe,G + 3¢ -> 2Fe + 3CO DH = + 489 kJ

DS = + 0.54 kJK-1

Cal cul ate the tenperature above which this reaction becones
spont aneous - the transitional tenperature.

Answer

DG < 0 <=> TDS > DH

<=> T > DH
DS

I
(o]
©

<=> T >

© o
S g
S

<=> T >
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The above result can al so be

obt ai ned froma graph of DG agai nst DG (kJ)
Tenperature, an Ellingham di agram

Notice that the gradient of 0
this line is - DS

i.e. d(DG = - DS h
dT
T (K) 906 1808

Iron nelts at 1808 K resulting in a sudden increase in entropy.

Now consi der the following two reactions (2 and 3)

(2) 2Fe +  3/20 . Fe,0 DG,
(3) 3C +  3/20 ->  3C0 DG,

We can conbi ne these two reactions as foll ows :

Fe,O, > 2Fe + 3120, - DG,
sc  + 320, -> 3 DG,
Fe,0 + 3C > 2Fe + 300 -DG,+ DG,

At precisely 906 K the reaction just beconmes spontaneous and

-DG, + DG; = 0
or
DG, = DG;

I f we therefore superinpose Ellingham graphs for reactions 2 and
3, the point of intersection of the lines will give the
t enper at ure above which reaction (1) beconmes spont aneous.

DG(kJ) 2 Fe + 3/2 O2 -> Fe203

3C + 3/202 -> 3 CO

906 T (K
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The following two problens will further illustrate the use of the
A bbs- Hel mhol t z equat i on.

Pr obl em

Alumniumis obtained fromits ore, bauxite (inpure Al um nium
oxide). Unlike lIron, A um nium cannot be obtained by reduction

wi th Carbon because the required transitional tenperature (2303 K)
is too high:

Al 5,0, + 3¢ -> 2A + 3CO DH
DS

+ 1336 kJ
+ 0.58 kJK-1

Verify the above val ue of the transitional tenperature.

The followi ng Ellingham di agram confirns this tenperature:

2Fe +

nolw

02 -> Fe203

DG (kJ)

906 T (K) 2303
Alum niumis obtained by electrolysis of nolten Al,Q, instead.

Probl em Cal cul ate the boiling point of Benzene at 1 atm
pressure given the followi ng information :

+ 33.9 kJ nol -1
+ 0.096 kJ K1

Cehs(1) -> CeHs(9) DH
DS

Answer

A change of state, solid -> liquid or liquid -> gas, occurs when
DG becones negative and the transitional tenperature is known as
the nelting point or boiling point respectively.

Using the G bbs-Hel nholtz equation :
DG = DH - TDS
DG < 0 <=> TDS > DH

<=> T (+0.096) > 33.9
<=> T > 33.9

0. 096

> 353 K (80 0Q)
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Electrode Potential

The El ectrode Potential EO is the attracting power (AP) of
a half-reaction on el ectrons.

Al values are neasured in volts and are standardi sed, at 298 K and
1 atm pressure, on the follow ng half-reaction :

2 Ht + 2e -> H, EO = 0.00 V

Sonme exanples fromthe el ectrochem cal series :

Na+ + e = Na - 2.71
Zn2+ + 2e = Zn - 0.76
2H+ +  2e = H, 0.00
SO,2- +  2HF + 2 = S0 + HO + 0.17
Cu2+ + 2e = Cu + 0.34
G + 2H0 + 4e = 40+ + 0.40
| 5 + 2e = 21 - + 0.54
Fe3+ + e — Fe2+ + 0.77
Br, + 2e — 2Br- + 1. 07
a, +  2e — 20 - + 1.36
MO, + 8HF + 56 = M2+ + 4HO + 1.51
F, +  2e =S 2F + 2.87

Cu2+ is therefore a better oxidising agent than Nat.

The above val ues are quoted for 1 nol I-1 (1M sol utions.

The EO val ue increases with ion concentration e.g.

Cu2+ (1M + 2e -> Cu EO = 0.34 V

Cuz2+ (0.01M + 2e -> Cu EO = 0.28 V

When these half reactions are reversed they have a pushi ng power
(PP) on electrons equal to - EO

e.g. for a1l nol |-1 solution of Cu2+

Cu -> Quz+  + 2e - BO= -0.3YV

The greater the voltage the nore favourable the reaction e.qg.

Na -> Na+ + e - BO=+271V
is nore favourabl e than
Zn -> Zn2+ + 2e - BO=+0.76V

Na is therefore a better reduci ng agent than Zn.
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Pr obl em Use tabl es of electrode potentials to predict whether
the follow ng reaction occurs spontaneously:

2Fe3+ + 21 - -> 2Fe2+ + I,
Answer

The net pressure(V) on the electrons transferred fromthe reducing
agent to the oxidising agent is equal to the pushing power (PP) of
t he reduci ng agent + the attracting power (AP) of the oxidising
agent and must be greater than zero if the reaction is to occur.

The two hal f-equations are:

2Fe3+ + 2e -> 2Fe2+ AP (+E0) = 0.77 V
21 - -> I + 2e PP (-E0) = -0.54 V
2Fe3+ + 2l - -> 2Fe2+ + I, V =+ 0.23 V
Since Vis positive the reaction will occur.
0.23 V
I n the previous
probl em Car bon
el ectrons wl|l el ect rodes
flowfroml- to :
Fe3+ under a b3 dge
potenti al
di fference of
+ 0.23 V as can ) )
be shown with 1ol I-% | 1 1ot
the cell : | - Fe3+
(a) (b)
Problem: Calculate the voltage of the concentration cell shown :
0.06 V
A\
<+—(\/))—=
Copper el ectrodes
1 ol |71 0.01 nol |°*
2+ 2+
Cu™(aq) Cu™(aq)
A B
Answer A Cu2+ + 2e -> Cu B0 = 0.34 V
B Cu -> Cuz+ + 2e - 0O =-0.28V
V = 0.06V
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Since el ectrode potentials vary with concentration, the voltage of
a cell is dependent on the concentrations of the reacting
sol uti ons.

El ectrode potentials also vary with tenperature; cell voltage is
al so tenperature dependent.
Fuel Cells

Fuel cells differ fromother cells in allow ng a continuous supply
of reactants (or fuel) e.g. the Oxygen/ Hydrogen fuel cell

e e
[ 7]
H, — Q |: «— Q,
KOH( aq)
200 %
H,0«— =| 20-40 atm |: — H,0
T T

Porous N ckel el ectrodes
The two hal f-equations are:

N ckel catal yst

Q + 2HO + 4e > 4O F0 =+ 0.40 V
2H + 4 OH > 4 HO + 4e - B =+0.83V
2H + Q -> 2 HO V =+ 123V

Problem: Calculate the voltage of the cell shown and deduce DG
for the cell reaction :

0.46 V
<+«—(\)—=
Silver Copper
1ol 1-1 1 mol |1
Ag” (aq) Cu”(aq)
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Net pressure on electrons in external circuit
Attracting power (AP) of reacti

onin A +

pushi ng power (PP) of reactionin B
A Ag+ + e -> Ag (AP) EO = +0.80V
B Cu -> Cuz2+ + 2e (PP )- EO = - 0.3V
\% = + 0.46 V
Let F = charge on 1 nole of electrons (Faraday)
= 96500 coul onbs

Wrk done in transferring 1 coul. through a PD of 1 volt = 1 Joule
= Wrk done in trans. 1 nole of electrons through a PD of = F Joules

1 volt
= Wrk done in trans. 1 nole of electrons through a PD = FE Joul es

of E volts

=> Work done in trans.

of E volts

n nol es el ectrons through a PD

= Wrk done by a reaction in trans. n noles electrons
through a PD of V volts

= | -

DG

nFE

The above cel

electrons fromCQu to Ag* i.e.

=> DG

2 Ag+

-> Cu2+ + 2 Ag

2 x 96500 x 0. 46

88780 Joul es

88. 78 kJ

= nFE Joul es

= nFE Joul es

reaction involves the transfer of 2 nol es of



