
1

Lecture 7.2
Bond energies +  

Second Law Analysis of 
Chemical Reactions

RECAP-Reactive mixtures

• Mass balance -balancing the no of atoms of 
each clement in the reactants & products

• First Law analysis : Need for absolute 
enthalpies

• Concept of enthalpy of formation- enthalpy 
of all stable elements at ref conditions = 0

• Adiabatic flame temperature

Bond Energies & Enthalpy 
of formation

Gaseous atoms

Elemental Mols

Chemical 
Compound

∑∆ bH
a

H∑∆

( )fH∆

The process of formation of a compound =>

Bond Energies & Enthalpy 
of formation

( ) ∑∑ ∆−∆=∆ baf HHH

∑∑ ∆−∆=∆ baf HHH

∑ ∑∆−∆− latentres HH

from above :

In reality

Example

EXAMPLE
Find the enthalpy of formation of 
octane using bond energy approach

Sol : Structure of Octane 

H     C    C    C    C    C    C    C    C     H

H    H    H    H    H    H    H    H

H    H    H    H    H    H    H    H
7 C – C bonds & 18 C – H bonds

SOLUTION
Chemical Equation

188298 HCHC →+

[ ] [ ]{ }HHhChh aaf −∆×+∆×=∆∴ 98

[ ] [ ]{ }HChCCh bb −∆×+−∆×− 187

5.414185.34774.43592.7178 ×−×−×+×=

molkMJ3.237−=

Tabulated value : - 208.45 MJ / kmol
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SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

Purpose :
Extent & direction of reaction

Basis :
Criterion of equilibrium
Const T&V => Helmhotz fn. minima
Const T&P => Min Gibbs fn.

SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

Implications of eqlbm. Conditions :
T,P const.

From def. of Gibb’s fn.; at const T & P

44332211 PPRR υυυυ +⇔+

44332211, dndndndndG PT µµµµ +++=

n1, n2, n3, n4 => no. of moles of 
constituents actually present

SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

In chem. reaction, the changes in no. 
of moles of various constituents 
present are related :

ξ
υυυυ

ddndndndn
===

−
=

−

4

4

3

3

2

2

1

1

Where ξ is called the extent of reaction. 
Using it in the equilibrium condition we get

( )
0

0

,

44332211,

≤−=

≤−−+−=

ξ
ξυµυµυµυµ

AddG
ddG

PT

PT

A : Affinity

SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

Therefore a reaction would occur only if 

This implies 0≥ξAd
0,..,0 >>> ∑∑ ξνµνµ deiAIf

prod
ii

reac
ii

0,..,0 <<< ∑∑ ξνµνµ deiAIf
prod

ii
reac

ii

thus the affinity A determines the
direction of the reaction

SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

Condition of eqlbm. at const T & P
A=0 ⇒ µ1υ1 +  µ2υ2 =  µ3υ3 +  µ4υ4

To make this result more useful :
( ) iTi fdRTd ln =µ

Integrating between a std. state 
designated by superscript 0 

{corresp. to Press Pref & pure 
substance i )  & the eqlbm. state

SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

00 ln iiii ffRT+= µµ

ii aRT ln0 += µ

activity
f
fa
i

i
i == 0

Using this expression in the  
equilibrium condition  we get:
( ) ( ++−−+ 114

0
43

0
32

0
21

0
1 ln aRT υυµυµυµυµ

) 0ln lnln 443322 =−− aaa υυυ
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SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

Now for pure substance 00
ii g=µ

& defining Gibb’s free energy 
change of reaction

2
0
21

0
14

0
43

0
3 υυυυ ggggGr −−+=∆

Above equation becomes

0ln 
21

43

21

43 =







+∆ υυ

υυ

aa
aaRTGr

SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

We define

( )
( ) ..,

21

43

21

43 ConsteqlbmtheK
a

a

aa
aa

reaci

prodi

i

i

=
Π

Π
≡ υ

υ

υυ

υυ

The eq. for chem. eqlbm. becomes
0ln =+∆ KRTGr








 ∆
−=
RT
GKor rexp

SECOND LAW ANALYSIS OF 
CHEMICAL REACTIONS

For reactions involving Ideal Gases
ii xPf ⋅=

..,0 pressstdthePf refi =



















=∴

−−+

21

43
2143

21

43
υυ

υυυυυυ

xx
xx

P
PK
ref

=> Examples

EXAMPLE 
Gaseous propane C3H8 is burned with 
80% theoretical air in a steady flow 
process at 1 atm. Both the fuel and air 
are supplied at 250 C. The products 
which consist of CO2, CO, H2O, H2 and 
N2 in equilibrium, leave the 
combustion chamber at 1500 K. 
Determine the composition of the 
products and the amt of heat transfer / 
kg of propane. [Hsieh p412]

End of Lecture
Lecture 7.3

Reaction 
Equilibrium
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Recap…..
• Second law analysis –reaction equilibrium
• For ideal gas reactive mixtures



















=∴

−−+

21

43
2143

21

43
υυ

υυυυυυ

xx
xx

P
PK
ref

EXAMPLE 
Gaseous propane C3H8 is burned with 
80% theoretical air in a steady flow 
process at 1 atm. Both the fuel and air 
are supplied at 250 C. The products 
which consist of CO2, CO, H2O, H2 and 
N2 in equilibrium, leave the 
combustion chamber at 1500 K. 
Determine the composition of the 
products and the amt of heat transfer / 
kg of propane. [Hsieh p412]

SOLUTION

Let y & Z be the moles of CO2 & H2O in 
the products. The chemical eq. can 
then be written 

( ) ( )COyyCONOHC −+→+×+ 376.358.0 22283

( ) 222 76.358.04 NHzOzH ××+−++

Where the coeffs of CO & H2 are obtained
by mass balance on C and H2.

SOLUTION

A mass balance for O2 then gives

zyy +−+=×× 32258.0
or

)(538 izy −−−−−−=−=+

SOLUTION

Another relation between y & z can 
be obtained from the equilibrium 
condition for the reaction

CO2 + H2 ↔ CO + H2O   --------- (ii)

SOLUTION

]1[)( 4321
21

43 ===== υυυυ
xx
xxTK

22

2

Hco

OHco

pp

pp
= {mole fraction = 

partial pr ratio}
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SOLUTION

Constitution of products :

(3-y)   moles of CO
Z      moles of H2O

4 - Z  moles of H2
15.04   moles of N2

∑ :  22.04

y     moles of CO2

SOLUTION

∴ for a total pressure of 1atm, the 
values of partial pressure in atm are

04.22
;

04.22
;

04.22
3

22

ypZpyp coOHco ==
−

=

04.22
4

2

zp H
−

=

SOLUTION

Thus ( ) ( )
( )zy

zyTK
−

−
=

4
3

From the std tables, for this reaction 
(ii), at 15000K we have

( )[ ] ( ) 56.2409.0log10 == TKorTK

SOLUTION

Therefore ( )
( ) )(56.2
4

3 iii
zy
zy

−−−−−−−=
−

−

Solving eqs (I) & (iii) simultaneously 
yields

19.381.1 == zandy

The chemical equation for the 
combustion process is then 

SOLUTION

222

2228

04.1581.019.3
19.181.104.154

NHOH
COCONOHCe

+++
+→++

And the eqlbm mole fractions of the 
products are

SOLUTION

%68.3%21.8
04.22

81.1
04.22 22

==== Hco xyx

%24.68%4.5
04.22

19.1
2
=== Nco xx

%47.14
2

=OHx

First Law analysis => Q= -13483  kJ / kg of fuel
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Calculating K from 
Thermodynamic Data








 ∆
−=

RT
GTK rexp)(

( ) ( ) ( )444333, TshTshPTG refr −+−=∆ υυ

( ) ( )222111 TshTsh −+−− υυ

( ) ( )refRrefR PTSTPTH ,, ∆−∆=

Calculating K from 
Thermodynamic Data

Where

( ) 221144330, hhhhPTH R υυυυ −−+=∆

( ) 221144330, ssssPTS R υυυυ −−+=∆

Need for absolute entropy values

Calculating K from 
Thermodynamic Data

Third Law As T     0

S     0  for all substances
∴ In principle we can find abs. 

entropies from above law using 
basic thermodynamics 

dv
T

dT
T
Cd

T
vdT

T
C

ds vp Ρ
+=Ρ−=

Calculating K from 
Thermodynamic Data

EXAMPLE
Find eqlb constant for

at 298 K & 2000 K

)(2 0 gH 22 0
2
1

+H↔

SOLUTION







 ∆
−=
RT
GK rexpln







 −+=∆−∆=∆ 002 222

1
HHrrr hhhSTHG







 −+− 00 222 2

1
HH SSST

)(2 0 gH 22 0
2
1

+H↔

SOLUTION









−






+−+= 833.188

2
142.205684.130298241827

228591=
at 298 K from tables

022 20
2
1

HH fff gggG −+=∆

)228583(00 −−+=

298314.8
228583ln

×
−

=∴ K

2.92−=

at 298 K
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SOLUTION

at 2000 K STHG ∆−∆=∆

( ) ( )
22 29820002982000 2

1
∂−+−=∆ hhhhH H

( )
02982000

2Hf hhh −+−

( ) ( )7268924182759199
2
152932 +−−+=

kJ251670=

SOLUTION

( ) ( ) ( ) 02000020002000
0

222 2
1

HH SSSS −+=∆

681.264764.268
2
1406.188 −×+=

KkJ /107.58=

kJG 135455107.58000.2251670 =×−=∆∴

( ) 146.8
2000314.8

135455ln 2000 −=
×

−=K

Dependence of K on 
Temperature

)(

)(ln

2214433

2214433

1

1

ssssT

hhhhGKRT r

νννν

νννν

−−++

+−−+−=∆−=

Differentiating w r t  Temperature at const P,
we  get

)(

...)(lnln

11224433

33
3

ssss

termssimilar
dT
dh

dT
dsTKR

dT
KdRT

νννν

ν

−−++

+−=+

Dependence of K on 
Temperature

Simplifying the above equation we get

2RT
h

dT
Kd r∆
=

ln

van’t Hoff   Equation
∆hr is a weak function of T,therefore 

we can integrate above equation to get









−

∆
−=

12
12

11)/ln(
TTR

hKK r

End of Lecture


