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A 2��  + 2��   ↔   �	 (�)

B 	 � + 4��  + 4��   ↔   2�	

ΔG0(W)/e-, kJ/mol

+40.0

-78.3

B-2A 2�	 � +  	 �  ↔   2�	 ∆��� = 4 × −78.3 − 40.0

= −473.2 ��/��  	

! =
1

#$%
#&%

	

The equilibrium constant for this reversible reaction: 
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! =
1

#$%
#&%

	 = �� ∆'()/*+ ≈ 10-.

∆�� = ∆��� + /0 1 2�Recall

at equilibrium,  ∆�� = 0 and 2� = !

∆��� = −/0 1 !

Therefore,

The overall reaction will proceed to the right at any reasonable 

partial P of H2 & O2
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34�5	4 + 6	   ⇒   63	 + 6�	

34�5	4 + 4.88.
� + 4.8��   ⇒   63	 + 2.48	 +  8.4�	

34�5	4 + 249�� : + 24�3.
� + 24��

⇒   63	 + 249�3. + 42�	

34�5	4 + 3;<
	�  + 3�� ⇒ 63	 + 3�;� + 6�	

34�5	4  ⇒ 33	 + 33�<

ΔrG
0(W) 

(kJ/mol glucose)

-2863.2

-2714.4

-868.8

-482.4

-417.6

• More energy/substrate means that more of the substrate can be used to 

make new cells

• The electron acceptor that generates the most energy get used up first

e- acceptor: CO2 
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Eq. (1) of Table 14.3:

3	3 4 + 2��  →  3	3 < + 23 �

EH
0, V

0.95

ΔrG
0, kJ/mol

=-nFEH
0

-183.4

Couple with Eq. 11b of Table 14.2:

2�� + 2�� →  �	 0 0

Overall reaction:

3	3 4 + �	  → 3	3 < + 2�� + 23 �

∆��� = −183.4 − 0 = −183.4 ��/��  3	3 4

∆��� = −/0 1!

! = ��∆'()/*+ = 1.4 × 10.	 =
3	3 < �� 	 3 � 	

3	3 4 #&%
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3	3 <

3	3 4

= 1.4 × 10>	 × #&%

• For any reasonable partial pressure of H2, the amount of C2Cl6
remaining at equilibrium is infinitesimal  Thermodynamically the 

reaction goes all the way to the right

• This reaction mostly occurs biologically, so the presence of 

microorganisms capable of transforming C2Cl6 is required!

– Organic compound is used as an e- acceptor in this case

– Note C2Cl6 is an anthropogenic compounds  only a limited number of 

species can use it!

Using [H+] = 10-7 M & [Cl-] = 10-3 M:
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Q: Consider the half reaction in an aqueous solution:

28.
� + 12�� + 10��  ⇌  8	 � + 6�	

Calculate the EH
0, EH

0 (W), and ΔrG
0 (W) values of the reaction. 

(denitrification)

∆��� = −1200 ��/�� 
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@&
� = −

∆���

19
= −

−1200 ��/�� 

10 · 96.5 ��/�� − D
= E. FG H

@&
� I = @&

� −
2.303/0

19
 ��2� = 1.24 D −

0.059 D

10
 ��

�	 4#J%

8.
� 	 �� 5	

pH = 7, other species have unit activity
R = 8.314 x 10-3 kJ/K-mol

= 1.24 D −
0.059 D

10
 ��

1

10�K 5	
= L. MG H

∆��� I = −19@&
� I = − 10 · 96.5

��

�� �
− D · 0.74 D = −MEG NO/PQR

F = 96.5 kJ/mol-V

Solution)
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Q: Determine the hydrogen partial pressure of an air bubble at 

thermodynamic equilibrium with water having a pH of 8.0 and at 

a temperature of 25 ⁰C. The oxygen partial pressure of the air 

bubble is 0.21 atm. Use the following half reactions. 

	 �  +  4��  +  4��  ⇌  2�	 @&
� = +1.23 D

2��  + 2��  ⇌  �	 � @&
� = 0.00 D
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Overall reaction: 

2�	 � +  	 �  ⇌  2�	 @&
� = +1.23 − 0.00 =  +1.23 D

@& = @&
� −

2.303/0

19
 ��2� = 1.23 D −

0.059 D

4
 ��2�

= 1.23 D −
0.059 D

4
 ��

1

#$%
#&%

	

2� =
1

#$%
#&%

	
= 105.	./ �.�>S/< = 2.45 × 10�-.

For thermodynamic equilibrium, EH should be zero.

#&%
= 2.45 × 10�-. · 0.21 5/	 = F. FM × EL�GF TUP

Solution)
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Q: A synthetic wastewater sample is prepared by adding 1 mM

methanol and 1 mM sodium nitrate (NaNO3) in pure water. The 

dissolved oxygen (DO) concentration in the sample is maintained at 8 

mg/L the pH at 7.0, and the temperature at 25 ⁰C. Bacteria capable of 

mineralizing methanol using either oxygen or nitrate as an electron 

acceptor is inoculated into the wastewater. Considering the 

thermodynamics, which one will be the preferred electron acceptor? 

Assume a nitrogen partial pressure of 0.78 atm. If needed, use the 

following half reactions.

28.
� + 12�� + 10��  ⇌  8	 � + 6�	

	 VW  +  4��  +  4��  ⇌  2�	 @&
� = +1.19 D

@&
� = +1.24 D

3	  +  6�� +  6��  ⇌  3�.� +  �	 @&
� = −0.39 D
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For comparison of the favorability of the electron acceptors, analyzing the 

electron acceptor half reactions is sufficient. CO2-methanol half reaction is not 

necessary. 

@& = @&
� −

2.303/0

19
 ��2� = 1.23 D −

0.059 D

4
 ��

1

	 �� <

Calculate the @& values of the electron acceptor half reactions using the 

conditions given:

	 VW  +  4��  +  4��  ⇌  2�	 @&
� = +1.19 D

@& = 1.23 D −
0.059 D

4
 ��

1

2.5 × 10�< · 10�K <

= L. MX H

	 =
0.008 �/Y 

32 �/�� 
= 2.5 × 10�< Z

Solution)
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@& = @&
� −

2.303/0

19
 ��2� = 1.24 D −

0.059 D

10
 ��

#J%

8.
� 	 �� 5	

= 1.24 D −
0.059 D

10
 ��

0.78

10�. 	 · 10�K 5	

= L. ME H

28.
� + 12�� + 10��  ⇌  8	 � + 6�	 @&

� = +1.24 D

 Oxygen is the preferred electron acceptor.
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• Thermodynamics of a redox reaction tell us if the reaction will 

proceed

– If ΔGr < 0, exergonic, the reaction will proceed

– If ΔGr > 0, endergonic, the reaction is not likely to proceed

• It is useful to prepare a list of free energy change of half reactions

– You can pick up a pair of reduction/oxidation half reactions from the 

list, and then combine ΔGr (reduction) & ΔGr (oxidation) to obtain ΔGr (overall)

• How do we determine ΔGr of half reactions by experiments?
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• Consider a reversible reaction to convert 1,4-benzoquinone (BQ) 

to hydroquinone (HQ):

• Use reduction potentials for evaluating the free energy of the half 

reaction

– Perform the reaction at the surface of an inert electrode (ex: platinum, 

graphite) 

– At the other side, another inert electrode is immersed in an aqueous solution 

maintained at pH 0 (i.e., {H+} = 1) and bubbled with molecular hydrogen 

(���
= 1 ��	) – standard hydrogen electrode (SHE)
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2��  2�� ⇌ �����

Standard hydrogen 

electrode (SHE)
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• Overall reaction:

• With half reactions:

��   �� �  2��  ⇌ ��  2��

1 bar

(at SHE)

pH=7

(prev. 

example)

pH=0

(at SHE)

– BQ ↔ HQ electrode: ��   2��  2�� ⇌ ��

– SHE: 2��  2�� ⇌  �� �
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Assuming electrochemical equilibrium at the electrode surface, then the 

potential difference, ΔE, is directly related to the free energy change, 

ΔrG of the reaction:

∆�� = −��∆�
� = number of electrons transferred

 = Faraday constant, 96485 Coulomb/mol

= 96.5 kJ/mol-V
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• The electrical potential relative to SHE, EH

!� = −
∆"#

� 

• The EH value for any conditions other than the “standard” state

– The free energy change of a reaction (ΔrG) at any conditions is given as

!� =  !�
$ −

%&

� 
'��" = !�

$ −
2.303%&

� 
'+��"

EH
0 = standard redox potential or standard reduction potential (EH at 25°C with unit (1) activities 

for all reaction components)

Qr = reaction quotient

∆"# = ∆"#$  %&'��"

for reaction aA + bB = cC + dD,

,� =
- . / 0

1 2 3 4

Nernst equation
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• EH
0

– All reaction components have unit activities

• EH
0 (W)

– EH under typical natural water conditions:

• pH = 7

• [Cl-] = 10-3 M; [Br-] = 10-5 M

• Organic oxidant and reductant have unit activities
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• We assign a zero value of electrical potential, and thus, a zero value of a 

standard free energy change:

��  �� ⇌
1

2
����� ∆!$ = 0 5, ∆"#$ = 0 78/:+'

• Therefore, the electrical potential change of the BQ-HG half reaction can 

be directly measured by the electrical potential change at the galvanic cell

• Standard conditions are met at the SHE: �� = 1, ;��
= 1 bar

��   �� �  2��  ⇌ ��  2��

��   2��  2�� ⇌ ��

�" +?�	�'' 	@� =
�� ��

A�B
�

�� ;��
��

CD��D
� =

��

�� ��
CD��D

� = �" ℎ�'F 	@�

BQ-HQ half reaction:

• Check Qr for the overall reaction and the half reaction at BQ-HQ electrode:
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• The overall free energy change of a redox reaction:

Reduction: EA + e-  reduced EA ΔredG0

Oxidation: ED  oxidized ED + e- ΔoxiG
0

EA + ED  reduced EA + oxidized ED ΔrG
0

ΔrG
0 = ΔredG0 + ΔoxiG

0

– Under the standard conditions:

• Negative ΔrG
0: favorable reaction

• Large │ΔrG
0│ (with ΔrG

0 <0): strong driving force for the forward reaction, makes 

the backward reaction difficult

• Note: this is thermodynamics, NOT kinetics!
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