Heat of reaction from heat of formation data

Suppose we first decompose the reactants to their elements
(reverse of the formation reaction), then we recompose the
products from the elements,

Elements
=2V, AH 2.vgAHy

AH
Reactants > |Products

ApH = ApH(I) + A H(H) = SvgAgH g — v aAH 4 = A, (AfH)

3CZH2 —> CéHé
ArH = AfHeoeHe —3-AfHeoH?
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THE DIRECTION OF PROCESSES IN NATURE
(spontaneity)

- H,+O,—H,0 and not the reverse

- gases uniformly fill the space available (expand)

- a hot object cools down to the temperature of its
environment (heat is dissipated)

Ordered > Disordered

In the processes occurring spontaneously energy is dissipating.
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We introduce a new state function, which can be used as
the measure of the disorder. In spontaneous processes in
isolated systems its change should be positive:

S: entropy, the measure of disorder
Q/"ev =TS [S5]= J/K

Heat input:  the motion becomes more disordered
Work input: makes the system more ordered

Any changes can be characterized by an entropy change.

State function, extensive property (depends of the amount)
S=nS,, molar entropy
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Spontaneous macroscopic processes in isolated
systems always increase the entropy. The system
gets into equilibrium when its entropy reaches its
maximum value.

(This is the 2nd law of thermodynamics.)
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T dependence of entropy:

solid Qphase tr.

AS(phase tr.)=

phase tr.

at T=0 K

- No motion: Si.rma=0

- Organisation (configuration)
of the atoms might
be disordered:

sconfigum'.\'tionl >0

Absolute entropy, S

0
] Temperature, K ——

For pure and perfect crystals at T=0 K S = 0. (This is the 3rd law of
thermodynamics.)

- Unlike U and H, the absolute value of entropy is known3s




Entropy at phase transitions (isothermal-isobaric processes)

&8 . AH(meltin
AS(melting) = ( 9)
Tmelting
AH(eva
AS(evap) = (evap)
Tboiling

S increases S decreases
heating cooling
melting freezing
evaporation condensation
expansion compression

Disorder increases Disorder decreases
36



Entropy of evaporation at the normal boiling point (p=1 atm)

chemical AS(evap),1 JK 'mol
bromine 88.6

benzene 87.2

carbon 85.9
tetrachloride

cyclohexane 85.1

H,S 87.9

ammonia 97.4

water 109.1

mercury 94.2
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EXERCISE 1

Problem:

The entropy of evaporation of cyclohexane at its normal
boiling point (1 atm, 197.3 °C) is 85.1 J/(molK).
Calculate its heat of evaporation at this temperature.

Solution:

38



EXERCISE 2

Problem:

The melting point of nitrogen is -196 °C.

What will be the change of entropy if 15 liter of liquid nitrogen
is evaporated at atmospheric pressure ? The density of the
liquid nitrogen is 0.81 g/cm3?

What will be the sign of the change and explain why.

Solution:
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EXERCISE 3

Problem:

How much heat should be removed from the system if we
intend to cool 5 m3 ethane gas from 140 °C to 30 °C ?
The temperature dependence of the molar heat can

be neglected.

Solution:
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EXERCISE 4

Problem:

The mass of a single cube of sugar (C;,H,,04;) is ca. 1.5 g.
How much heat is evolved when a cube is completely burned in
excess oxygen?

Solution:
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In spontaneous macroscopic processes the
entropy always increases.

In isolated system ASgystem = 0

If not isolated
A‘Ssysm‘em + A‘SSt.ir-r-m.mding 20
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The entropy change of an arbitrary process: AH

T

ASiotal =ASsystem + ASsurrounding AS = ;?V —

if pand T are constant

A S . AHsyStem endo;her‘mic
surrounding —— T exothermic

AH,
ystem :
AStotal =— +ASgystem T

T'AStota) =— AHgystem + T ASsystem

G=H-TS  Gibbs free energy

Direction of changes

TAS, 1) =AH-TAS =AG

In a closed system at constant T and p in spontaneous processes G

decreases. When equilibrium is reached, it has a minimum (if no work
occurs).

kJ

: G G __3 Y
Spontaneity < rate m,graphite — ~m,diamond mol



Most important properties of &:
1. State function

2. Extensive quantity G=nG,,
3. G=H-TS

l

TO*Gldef'ef‘QhY Energy stored by the
stored in the systeM  thermal motion of the atoms/molecules

The spontaneity of a process depends on the sign of AG
during the transition:

e.g., in phase transition (no chemical changes)
PHASE 1 — PHASE 2
G =n-G,
N'Gn(2)-n'GL(1)=n[Gn(2)-Gn(1)] <0 ? 4«



&(T) p = const.

Molar Gibbs energy, G,

dG=-SdT

T

Temperature, T

Molar Gibbs energy, G_
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&(p) T = const. G=H-TS

dG=Vdp

Molar Gibbs energy, G

Pressure, p
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G, (1) =G, (2) .
G, (D+dG,, (1) =G, (z)m\(z\ °|
dG,, (1) =dG,, (2) Hoaing [ |qug
dG,, =V,,dp—S,,dT tatm
dGp, (1) =V, Ddp— S, (1)dT v porna
dG,(2) =V,,(2)dp-S,,(2)dT
Vin (Ddp—Sp, (NdT =V,,,(2)dp—- S, (2)dT
(S (2)= S, (D ]dT = [V, (2)=V,,, (1) ]dp
ap A5y,
dT AV,
The phase transition is an isothermal and isobaric process:
Abm ap _ASy _ AHp Clapeyron
T dT AV, TAV,

Pressure

AS,, =
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dp AH Clapeyron equation (the

= . equation of one component
dI' T-AV, phase equilibrium).
Nothing was
neglected 1n the
derivation.

It 1s valid for: liquid-vapor
solid-liquid
solid-vapor
solid-solid equilibrium
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Pressure

Pressure

{a)

Temperature

ap _AdSm
dT AV,

Anomailous

Pressure

{b) Temperature

?

S/L reaction to increasing p (Vj;dp)s = (Vimdp),

Cco,

, 72.8 bar
Solid 304 K
Liduid
5.11 bar
217 K
1 bar 67 bar
195 K 298K
Glas
Temperature

Water

ice:19,7 cm3/mol water: 18,0 cm3/mol

8 -
Ice VI
6 ?‘"‘
g Ice V
%— Liquid
24\ [ icen  (water)
3
e ice N
2 218 bar
lce| 0.006 bar 647 K
I 273 K B!
L2
g.1 - e Vapour »
2 T
.. H { } i 1

200 300 400 500 600 700
Temperature/K
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The liquid - gas transition: evaporation and c

Let’s apply the Clapeyrormm\
for liquid-vapor equilibrium:

ondenscr‘l'ion

Solid

Critica!
point

|
liguit

S| Normat—_
molar heat §| froming
A /.// of vaporization o
dp _ Cevap'm
aT TAV, & —change of molar Tiple

volume at vaporization

Normal
boiling

in
Gas point

Temperature

1. We neglect the molar volume of the liquid (compared to

vapor).
AV =V, (gas) -V, (liq) = V,,(gas)

2. We regard the vapor as 1deal gas.

RT
Vin (9as) oy

dT  RT2

dp _PAevapm  Clausius-Clapeyron
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dp pAevapHm The saturation pressure

D RT2 ar of a pure liquid only depends on T.

d

—p:dlnp ﬂz_dl d(1/T)/dT = -1/T2

P T? T

Py Ty A H'
Aeva Hm 1 I dlnp — I evaP2 adT
Inp =— Ig -T+C Pk . RT
A p(Pa)

nip}=-=+B {p}= ™

p
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If the logarithm of the vapor pressure is plotted
against the reciprocal of temperature, we obtain a

straight line:

Igip}

Inp‘/

1 1

Pk

R

AevapH m (

Tk _Tv

YT

j A

lgipj=-—+B

A, B: constants

tana = -A

- p(Pa)
1 Pa
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