
“Microbes are remarkable chemists...”   
                           - Fenchel et al. (1998)  
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How do we know what bacterial processes dominate under a given set of circumstances? 

Thermodynamics provides a framework for: 
• predicting whether or not a specific reaction takes place 

spontaneously 
• estimating the magnitude of energy exchanges 

(production/consumption) btw. reactants and their 
environment 

• predicting whether a reaction may be usefully coupled to 
biological work. 

Kinetics deals with mechanisms and rates. 
 

Kinetics will tell you how fast a reaction will go • thermodynamics will tell you if the reaction should go. 



Reaction Diagrams 

(A) 
Thermodynamic Information from (A)  

*thermodynamics isn’t dealing w/ time. 
 

more stable 
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• Reaction rates depend on the proportion of reactants that are sufficiently energetic to participate in a given 
reaction.  

• This proportion is related to temperature and “activation energy” or Ea (kJ mol-1) – the energy that 
must be available for the chemical reaction to take place. 
 

 Arrhenius equation (aka: rate constant): gives us the relationship between the activation energy 
and the rate at which the reaction proceeds. 
 

k = A𝑒𝑒−𝐸𝐸𝐸𝐸/𝑅𝑅𝑅𝑅 
 
A and Ea are characteristic reaction constants 
R is the gas law constant  (8.314 kJ mol-1 K-1 or 1.987 x 10-3 kcal mol-1 K-1) 
T is temperature in Kelvin 
 

***In general the higher the activation energy – the slower the reaction.***  
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Example: 
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We use Gibbs Free Energy to predict chemical systems and it depends on the state and 
mass under consideration and..... 
 
• Internal Energy (U sometimes called E) 
• Enthalpy (H) 
• Entropy (S) 
• Temperature (T) 



Internal Energy (U) 
 
Change in internal energy is related to heat exchange between the system and its surroundings and 
work done by or on the system according to the first law of thermodynamics: 
 

∆𝑈𝑈 = 𝑞𝑞 +  𝜔𝜔 
 
q = heat flow 
𝜔𝜔 = work (usually described by pressure-volume changes) 
 
U has the units of Joules 
 
“energy can be transformed from one form to another, but can be neither created nor destroyed" 
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Enthalpy (H) – total heat content of a system 
 
H= U + PV 
 
P= pressure 
V= volume  
 
Equivalent to the heat added to a substrate from a system as a result of a chemical process at constant pressure. Also 
known as the heat of reaction. 

Change in enthalpy:  ∆𝐻𝐻 = 𝑈𝑈2 +  𝑃𝑃2 𝑉𝑉2−(𝑈𝑈1+ 𝑃𝑃1 𝑉𝑉1) =  ∆𝑈𝑈 + ∆(𝑃𝑃𝑉𝑉) 

∆𝐻𝐻 =  ∆𝑈𝑈 
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System A System B 

Evolving Heat = Exothermic = − ∆𝐻𝐻  Absorbing Heat = Endothermic = ∆𝐻𝐻  



Heats of Combustion (bomb calorimetry) Heats of Formation 



Hess’ Law of Constant Heat Summation – allows us to calculate standard enthalpies of reactions: 
 
 ∆𝐻𝐻0= ∆𝐻𝐻𝑓𝑓0 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −  ∆𝐻𝐻𝑓𝑓0 𝑝𝑝𝑒𝑒𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝  

∆𝐻𝐻𝑓𝑓0 = standard heat of formation 
 
Standard meaning:  1 atm, pH=7, 25 ºC (298.1 K), [1 M] 

∆𝐻𝐻0 = (-393.5 + [2 x -285.8]) – (-74.80 + [2 x 0.00]) = -890.3 kJ mol-1 

 
Exothermic reaction – it’s evolving heat. 
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Entropy (S) 
 
Second law of thermodynamics: “For any spontaneous process there is an increase in the entropy of the universe.” 

System A The universe = the system and it’s surroundings 

Change in entropy of the universe: ∆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝐸𝐸𝑡𝑡 =  ∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +  ∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠 
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At constant temperature and pressure, entropy change in the surroundings (∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) is equivalent to 
the heat added to the surroundings by the system divided by the temperature (K) at which heat is added: 
 
 

Entropy change to surroundings: ∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  ∆𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅

 
  
 
 
Change in entropy of the universe: ∆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝐸𝐸𝑡𝑡 =  ∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +  ∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠 

T∆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝐸𝐸𝑡𝑡 =  −(∆𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠 −  𝑇𝑇∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠) must be negative to be spontaneous 

Gibbs free energy: ∆𝐺𝐺 =  ∆𝐻𝐻 − 𝑇𝑇∆𝑆𝑆 
 
Gibbs free energy at standard state ∆𝐺𝐺𝑡𝑡=  ∆𝐻𝐻𝑡𝑡 − 𝑇𝑇∆𝑆𝑆𝑡𝑡   



Gibbs free energy: ∆𝐺𝐺 =  ∆𝐻𝐻 − 𝑇𝑇∆𝑆𝑆 

∆𝐺𝐺 < 0 (i.e., it’s negative) then the reaction is spontaneous – exergonic reaction. 
 
∆𝐺𝐺 > 0 (i.e., it’s positive) then the reaction not spontaneous and would require energy to proceed in the 
direction as written – endergonic reaction. 
 
∆𝐺𝐺 = 0 the system is at equilibrium 

** ∆𝑮𝑮 is the driving force of the reaction, the more negative ∆𝑮𝑮 the more favorable the reaction.** 



∆𝐺𝐺0= Σ(𝑟𝑟𝑠𝑠∆𝐺𝐺𝑓𝑓𝑠𝑠
𝑡𝑡 )𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −  Σ(𝑟𝑟𝑠𝑠∆𝐺𝐺𝑓𝑓𝑠𝑠

𝑡𝑡 )𝑝𝑝𝑒𝑒𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 

Gibbs free energy for a reaction at standard state:  
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∆𝐺𝐺0= Σ(𝑟𝑟𝑠𝑠∆𝐺𝐺𝑓𝑓𝑠𝑠
𝑡𝑡 )𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −  Σ(𝑟𝑟𝑠𝑠∆𝐺𝐺𝑓𝑓𝑠𝑠

𝑡𝑡 )𝑝𝑝𝑒𝑒𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 

Gibbs free energy for a reaction at standard state:  ? 
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Priesler et al. (2007) 

Matveeva et al. (2015) 

Methane in Chukchi Sea 

Beggiatoa inhabited marine sediment 
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General Reaction: aA + bB  cC + dD 
 
Capital letters are the components reacting 
Lower case letters represent the stoichiometric amounts 

We can calculate Gibbs under environmental conditions: 

For any component of the system that deviates from standard conditions: ∆𝐺𝐺𝑠𝑠𝑡𝑡=  𝐺𝐺𝑠𝑠𝑡𝑡 + 𝑅𝑅𝑇𝑇𝑅𝑅𝑟𝑟𝑟𝑟𝑠𝑠 
 
R is the gas constant (= 8.314 kJ mol-1 K-1) 
T is temperature in Kelvin (K) 
𝑟𝑟𝑠𝑠 is a quantity known as the activity and it’s related to concentration (c, molar) thru the activity coefficient 
(𝛾𝛾𝑠𝑠, dimensionless):    

𝑟𝑟𝑠𝑠 =  𝛾𝛾𝑠𝑠𝛾𝛾𝑝𝑝𝑠𝑠 
 

*activity coefficient represents the deviation from ideal behavior .... For ions for example the interactions of ions in a solution cause them to behave 
differently than what would be predicted from their actual concentrations.  
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𝟒𝟒𝑯𝑯𝟐𝟐𝑶𝑶 𝒍𝒍 + 𝟒𝟒𝑺𝑺 𝒔𝒔
𝒐𝒐 → 𝟑𝟑𝑯𝑯𝟐𝟐𝑺𝑺 𝒂𝒂𝒂𝒂 + 𝑺𝑺𝑶𝑶𝟒𝟒(𝒂𝒂𝒂𝒂)

𝟐𝟐− + 𝟐𝟐𝑯𝑯 𝒂𝒂𝒂𝒂
+  

(1) Gibbs free energy at standard conditions:  ∆𝐺𝐺0= Σ(𝑟𝑟𝑠𝑠∆𝐺𝐺𝑓𝑓𝑠𝑠
𝑡𝑡 )𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 −  Σ(𝑟𝑟𝑠𝑠∆𝐺𝐺𝑓𝑓𝑠𝑠

𝑡𝑡 )𝑝𝑝𝑒𝑒𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 

∆𝐺𝐺0= 2[0] + [-744.6] + 3[-27.87] – [4(0) + 4(-237.18)] = 120.5 kJ mol-1 

2𝐻𝐻 𝐸𝐸𝑎𝑎
+  𝑆𝑆𝑂𝑂4(𝐸𝐸𝑎𝑎)

2−  3𝐻𝐻2𝑆𝑆 𝐸𝐸𝑎𝑎  4𝑆𝑆 𝑠𝑠
𝑡𝑡  4𝐻𝐻2𝑂𝑂 𝑡𝑡  

(2) Gibbs free energy at environmental conditions:  ∆𝐺𝐺 = ∆𝐺𝐺0 + 𝑅𝑅𝑇𝑇𝑅𝑅𝑟𝑟(𝑟𝑟𝐶𝐶𝑐𝑐𝑟𝑟𝐷𝐷𝑠𝑠 ) (⁄ 𝑟𝑟𝐴𝐴𝐸𝐸𝑟𝑟𝐵𝐵𝑏𝑏� 

Conditions:  
25 ºC, 𝐻𝐻2𝑆𝑆 𝐸𝐸𝑎𝑎  = 100 µM, 𝑆𝑆𝑂𝑂4(𝐸𝐸𝑎𝑎)

2−  = 28 mM, pH = 7.5, liquid water and solid phase set to 1, assume [] = activity  

∆𝐺𝐺 = 120.5 + (8.314 x 10-3)(298)ln( 

   
𝑟𝑟𝐻𝐻2𝑆𝑆
3  𝑟𝑟SO4𝑟𝑟𝐻𝐻+2 ) = - 42.5 kJ mol-1 

X 
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Equilibrium: 

We define the distribution of chemical species at equilibrium as: 
𝐾𝐾𝑠𝑠𝑎𝑎 = (𝑟𝑟𝐶𝐶𝑐𝑐𝑟𝑟𝐷𝐷𝑠𝑠 ) (⁄ 𝑟𝑟𝐴𝐴𝐸𝐸𝑟𝑟𝐵𝐵𝑏𝑏� 

Barring kinetic barriers (which can be significant) favorable (i.e., ∆𝐺𝐺o<0) will continue until the distribution 
of reacting components reaches equilibrium.  
 
General Reaction: aA + bB  cC + dD 
 

Substitute in Gibbs free energy under non-standard conditions: 
∆𝐺𝐺o= 𝑅𝑅𝑇𝑇𝑅𝑅𝑟𝑟𝐾𝐾𝑠𝑠𝑎𝑎 

Rearrange to calculate equilibrium constants for ∆𝐺𝐺o: 
𝑅𝑅𝑟𝑟𝐾𝐾𝑠𝑠𝑎𝑎 = - ∆𝐺𝐺o/𝑅𝑅𝑇𝑇  
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Gas Solubility and Henry’s Law 

𝐶𝐶(𝐸𝐸𝑎𝑎)𝑠𝑠 =  𝑃𝑃𝑠𝑠𝐾𝐾𝐻𝐻𝑠𝑠 

"At a constant temperature, the amount of a given gas 
that dissolves in a given type and volume of liquid is 
directly proportional to the partial pressure of that gas in 
equilibrium with that liquid.” 

𝐶𝐶(𝐸𝐸𝑎𝑎)𝑠𝑠   is the concentration of the gas (M) 

𝑃𝑃𝑠𝑠 is the partial pressure of the gas (atm) 

𝐾𝐾𝐻𝐻𝑠𝑠 is the Henry’s Law constant (M atm-1) 



Ions interact – that is the electrostatic forces between individual ions can be attractive (different charges) or 
repulsive (same charges). 
 
The net result is always attractive – ions hold each other!  
 
This restricts their ability to take part in reactions in aqueous systems. 
 
For charged species, concentration (the total amount present in solution, given by [x] or Ci) is almost always an 
overestimate of reaction potential – that is the amount free and available for a reaction.  
 
At low concentrations we can ignore this, but at higher concentrations these interactions begin to matter. 
 
Activity (𝑟𝑟𝑠𝑠) = Effective amount (less than total)  
 
Dilute Solution: 𝑟𝑟𝑠𝑠 = Ci 
Concentrated Solution (like seawater): 𝑟𝑟𝑠𝑠< Ci 
 
 

Other things to think about: 
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So what does this practically mean? 
 
The ionic strength (i.e.,  the measure of the concentration of ions in that solution)  is important to 
understanding why we observe  certain phenomena related to substances dissolving in seawater. 

𝐶𝐶(𝐸𝐸𝑎𝑎)𝑠𝑠 =  𝑃𝑃𝑠𝑠𝐾𝐾𝐻𝐻𝑠𝑠 

𝐶𝐶(𝐸𝐸𝑎𝑎)𝑠𝑠  replace with activity coefficient 

Temperature held at 18 °C 

“Salting Out” of Gases as Ionic Strength increases 
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~ 57 µM change 
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Influence of temperature on gas solubility 

Salinity held at 35 ‰ 

~ 144 µM change 

What holds more gas? Fresh or salt water? 
How will gas concentration change as temperature increases? 
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