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4. THERMODYNAMICS (Reaction Feasibility)

Entropy
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The entropy (S) of a system is the degree of disorder of the system.
The greater the disorder, the greater the entropy.

Entropy increases as temperature increases.

Changes of state involve changes in entropy. Melting and
evaporation are accompanied by increases in entropy.

One version of the Third Law of Thermodynamics states that the
entropy of a perfect crystal at O K is zero.

The standard entropy of a substance is the entropy value for the
standard state of the substance.

The change in standard entropy for a reaction system can be
calculated from the standard entropy values for the reactants and
products.

Free energy
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One version of the Second Law of Thermodynamics states that the
total entropy of a reaction system and its surroundings always
increases for a spontaneous process.

Heat energy released by the reaction system into the surroundings
increases the entropy of the surroundings, whereas heat absorbed
by the reaction system from the surroundings decreases the entropy
of the surroundings.

The change in entropy of the surroundings that occurs as a result of
a chemical reaction can be calculated from the temperature
and from the enthalpy change for the reaction system.

The total entropy change is normally expressed in terms of Gibbs
free energy (G). The direction of spontaneous change is in the
direction of decreasing free energy.

The change in standard free energy for a reaction is related to the
standard enthalpy and entropy changes by:

AG° = AH° - TAS

The standard free energy change of a reaction can be calculated
from  the standard enthalpy and standard entropy changes for the
reaction.

The standard free energy change of a reaction can be calculated
from the standard free energies of formation of the reactants and
products.
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2.105 A reaction is feasible under standard conditions if the change in
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standard free energy between reactants and products is negative.
This means that the equilibrium composition favours the products
over the reactants.

Under non-standard conditions any reaction is feasible if AG is
negative.

At equilibrium AG = O.

A reaction will proceed spontaneously in the forward direction
until the composition is reached where AG = O

Applications of the concept of free energy
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The feasibility of a chemical reaction under standard conditions
can be predicted from the calculated value of the change in
standard free energy (AG°).

The temperature at which the reaction becomes feasible can
be calculated for a reaction for which both AH® and AS°
have positive values.

Ellingham diagrams are plots of variation of free energy change
with temperature and can be used to predict the conditions under
which a reaction can occur.

Ellingham diagrams can be used to predict the conditions
required to extract a metal from its ores.
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Q1 12-dichloroethane has been used as a solvent for lacquers and oils. One proposed
method of production is the addition of hydrogen chloride to ethyne:

Q2

C,H, + 2HCl — CH,CICH,CI

Unit 2- Chemical Reactions

Compound SO J K mol! AH"f/kJ mol!
C,H, 201 227
HCl 187 -92.3
CH,CICH,CI1 208 -166
a) Using the data given in the table above,
i) calculate the standard entropy change, in J K mol™, for the reaction. 1
ii) calculate the standard enthalpy change, in kJ mol™, for the reaction. 1
b) The reaction is thermodynamically feasible at room temperature.
Above which temperature will this reaction no longer be feasible? 2
(4)
Consider the following reactions and their values for AG? and AH? at 298K
Reaction AG’/kJ mol! AH/kJ mol!
i) “H,  + 2Cl,  — HCl(g) 95 -92
ii) 2Al  + “/202(g) — ALO, -1576 —1669
iii) NH,Cl —NH/ =+ CI° 7 +16
a) Reaction ii) has the greatest difference in the values of AG® and AH®.
Suggest a reason for this difference. 1
b) From the values given for reaction iii), it can be concluded that ammonium
chloride dissolves spontaneously in water under standard conditions with a
drop in temperature.
Why can we come to these two conclusions? 2
¢) Calculate the entropy change for reaction i) at 298K. 2
(5)
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03 In a catalytic reformer, straight-chain alkanes are converted to branched chains,
cycloalkanes and aromatic hydrocarbons. Consider the sequence shown below.

Octane

N

2,3-dimethylhexane

AW

1,2-dimethylcyclohexane + hydrogen

AN

1,2-dimethylbenzene (o-xylene) + hydrogen

CH

P

CH

a) Use the data in the table below to calculate AS® for the conversion of octane
to o-xylene and hydrogen at 298K.

Compound SO J K mol!
Octane 463
o-xylene 352
Hydrogen 131
3
b) Calculate the minimum temperature at which the conversion in @) becomes
thermodynamically feasible, given that
AH® =227 kJ mol'. 3

¢) Explain why the conversion in a) can be achieved at or above the temperature
calculated in b), despite the fact that the equilibrium constant for reaction A

is very much less than 1 at this temperature.
1

(7)
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Q4 The apparatus shown in the diagram below can be used to find the decomposition
temperature of sodium hydrogencarbonate.

Thermometer

)
y
.] (ras synnge
Oil bath
NaHCO,
o
Heater

The equation for the decomposition is:

— 0 — -
2NaHCO, | — Na,CO, +H,0_ +CO, AH? = +129 kJ mol"!
Substance S J K mol!
NaHCO, 102.1
Na,CO, 136.0
H,0,, 188.7
co,, 213.6
a) Calculate AS° for the reaction. 2

b) Calculate the temperature at which the decomposition becomes
thermodynamically feasible. 3

¢) As the temperature of the oil bath is increased, the volume of gas in the
syringe increases. Sketch the shape of the graph you would expect to obtain
if the volume of gas is plotted against temperature. Graph paper is not required.
Start at room temperature and mark clearly the decomposition temperature on
your graph. 2
(7)
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Unit 2- Chemical Reactions

05 The table below shows how the standard free energy change varies with temperature
for the following reactions:

reaction A: 2Zn,+ O, , — 2Zn0
reaction B: 2C, + O,, — 2CO(g)
TemperaturelK | AGY, reaction Al k] mol! | AGY, reaction Bl kJ mol’

400 —615 -300

600 -595 -335

800 -555 =370

1000 —495 —405

1200 —425 —440

1400 40 475

1600 —260 =505

1800 -165 =540

a) For each reaction, plot the graph of the standard free energy change against

temperature.

b) Use your graph to:

3

i) determine the minimum temperature at which carbon can reduce

zinc oxide

1

if) calculate the standard free energy change for this reaction at 1500K. 2

¢) Give one advantage and one disadvantage of using carbon
for this reduction on an industrial scale.
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06 Examine the Ellingham diagram below and answer the questions that follow.

t E
"] 4Ag+0,-2Ag0
’ 2Zn + 0, - 2Zn0O

/

/

~200 P

" 2H, + O, - 2H,0

2 2 2

-400 ””’f'

\

AG®/kJ mol™!

-600 P
/

| Point A

-800

500 1000 1500 2000 2500

Temperature/K

a) At what temperature does the thermal decomposition of zinc oxide become
thermodynamically feasible? 1

b) Write the balanced chemical equation for the reduction of zinc oxide using
hydrogen. 1

¢) At what temperature does it become thermodynamically feasible to reduce
zinc oxide using hydrogen? 1
d) The melting point of zinc is approximately 700K.

Explain, in terms of entropy, why the gradient of the graph changes at
point A. 2

e) From the graph, it is thermodynamically feasible to use hydrogen to reduce
silver(I) oxide at all temperatures shown.

Suggest why this reaction does not occur at room temperature. 1

(6)
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Q7 The diagram below shows the blast furnace for the extraction of iron from iron ore.
An appropriate Ellingham diagram is also shown.

Iron ore (contains)
S.102 as impurity),
limestone and coke

Waste gases
(N,, CO,, CO)

Hot air ¥
Molten slag - €
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¥ Hot air
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a) Calculate the standard free energy change for the reduction of
iron(Il) oxide by carbon at 1900K. 2

b) At what temperature will it be thermodynamically feasible for
carbon monoxide to reduce iron(II) oxide? 1

¢) Explain why the reduction by carbon monoxide is more efficient

than by carbon. 1
d) Give areason for adding limestone to the furnace. 1
e) To achieve maximum economy, suggest a use for the waste gases. 1
(6)
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Answers

QI a) i) AS =ZSp-3Sr=208- (201 +2(187))
=—-367 J K mol™! 1

ii) AH =3AHp - SAHr = (-166 — (227 + 2(-92.3)))

=—209.4 kJ mol™! 1
b) T = AH/AS =209.4/0.367 (1)
= 570.6K (1) 2
(4)
02 a) Large entropy change or gas to solid 1
b) Spontancous AG®-ve (1)
AH® +ve or endothermic, therefore drop in temperature () 2

¢c) AG = AH-TAS= AS=(AH-AG)/T =(-92 - (-95))/298 (1)

=  10J K" mol” (1 2

(5)
Q3. @) CH, — CH, + 4H, (1)
AS = ISp-3Sr=(352+4(131)) — 463 (1)

=  413TK-1 mol-1 (1) 3

b) At this temperature AG =0

T = AH/AS (1)
=227/0.413 (1)
=550 K (1) 3

¢) A small quantity of 2,3-dimethylhexane will form even if
K << 1. Removal of 2,3-dimethylhexane in reaction B
disturbs the equilibrium in reaction A, promoting the forward reaction. 1

(7)
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04 a) AS = Sp—SSr=(136+188.7+2213.8)—-2(102.1) (1)
= 334.1JK"' mol” (1) 2
b) T =AH/AS (1)
= 129/0.3341 (1)
= 386.1K (1) 3
¢)
Volume of gas/cm’ labels (1)

shape at correct point (1)

! I I
290 390 490

Temperature/K 2
(7)
05 a)
ZZn(S) + Oz(g) — ZZnO(S)
AG/kJ mol™!
2Cy + 0, = 2C0,
Temperature/K
scale (1) labels (1) accurate points (1) 3
b) i) Minimum temperature (where graphs cross) 1160K 1
ii) AG for A +300; AG for B —490 (1)
AG for reaction = —-190 kJ mol™ (1) 2
¢) Advantage — carbon is cheap and readily available. (D)
Disadvantage — it is a solid therefore the reaction is
slower. (1) 2

(8)
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06 a)

b)

¢)

d)

or

Q7 a)

At temperatures above 2250 K
Zn0O+H,—=7n+H0
1400 K (above)

Below A solid + gas — solid

Above A liquid + gas — solid

therefore there is a greater decrease in entropy,
i.e. AS —ve.

(As gradient is —AS then an increase in gradient means
that AS is more —ve.)

Although the reaction is feasible at room temperature it
does not occur in practice because the activation energy
for the reaction is too high.

The rate of the reaction at room temperature is too slow
for the reaction to occur at a measurable rate.

AG (275 to 280) — 555

= 270 to-280kJ

or —135 to —140 kJ mol™!
Accept between 950 and 1020 K

Gas/solid reaction better than solid/solid reaction.

Unit 2- Chemical Reactions

1

(1)
(1)

(6)
(1)

(1) 2

To remove impurities (silicates) or forming slag or to produce more CO,

(any one)

CO could be burned to (pre)heat the air.
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