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Chemical Background
Bonds 

Ionic radii
Equilibrium thermodynamics

Chemical Equilibrium
CH3COOH + H2O � H3O++CH3COO-
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For a given composition of 
a system, equilibrium is 
independent of which side 
you approach it 
from…..reactions are 
REVERSIBLE

N2O4(g) ���� 2NO2(g)

Cinit 0.0350 mol 0

or 0 0.0700 mol

Cequil 0.0292 mol 0.0116 mol

Equilibrium Law
simple relationship between molar concentrations (or pressures) of 

reactants and products at equilibrium

H2(g) + I2(g) � 2HI(g)  (at 440C)

Mass action expression:

Where Q is the reaction quotient
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LAW: at equilibrium the reaction quotient is equal 
to the equilibrium constant, K.

In general for    
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Equilibrium Law for Gaseous Reactions
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The Magnitude of Equilibrium Constants
• The equilibrium constant, K, is the ratio of products to reactants.
• Therefore, the larger K the more 
products are present at equilibrium.
• Conversely, the smaller K the more
reactants are present at equilibrium.
• If K >> 1, then products dominate 
at equilibrium and equilibrium lies
to the right.
• If K << 1, then reactants dominate
at equilibrium and the equilibrium
lies to the left.

Chemical thermodynamics
• Thermodynamicsis the branch of science that predicts 

whether a state of some macroscopicsystem will remain 
unchanged or will spontaneously evolve to a new state.
– Kineticsis the branch of science that deals with how long it takes for a 

system to reach that new state. Mechanicsis the branch of science that 
deals with the motions of small numbers of particles.

– Thermodynamics is most relevant to the understanding of processes on 
spatial scales large enough to neglect individual atoms and timescales 
long enough to neglect kinetics, so that the predictions of 
thermodynamics describe to good approximation the actual state of 
nature, rather than the expected state at infinite time.

– Often, geology and geochemistry deal with very long timescales or 
very large numbers of atoms, so we use a lot of thermodynamics!

– All kinetic processes go faster with increasing temperature, and hence 
the tools of thermodynamics are most useful for predicting the behavior 
of high-temperature geological phenomena like meltingand 
metamorphism. But even for kinetically limited things (like life), 
thermodynamics tells which way it is favorable for processes to run.

Chemical thermodynamics: Definitions I
· System: the region of interest, of sufficient size that average 

properties like temperature are well-defined; to be distinguished 
from the environment (i.e., the rest of the universe) 
· Isolated system: exchanges neither matter nor energy across its boundaries

· Closed system: may exchange energy across boundaries, but not matter

· Open system: may exchange matter and energy across boundaries

· Phase: a physically homogeneous and mechanically separable 
part of the system, e.g. a vapor, liquid, or mineral
· A system may be homogeneous (one phase) or heterogeneous (multiple 

phases).

· Component: a chemical formula; a basis vector for expressing 
compositional variations in thermodynamic systems; e.g., H2O, 
SiO2, Fe, NaCl. Must be independently variable, but we choose 
the minimum set to span all phases.
· Avoid at all costs confusing phases (e.g., water or quartz) with components 

(e.g., H2O or SiO2), even though people often use the same name for both!

More on Components
· Choice of components is often arbitrary but number of 

components is not.
· Example: System Fe-O can also be described by FeO-Fe2O3.

· Example: System H2O is a one-component system if the only phases of 
interest are pure water, ice, and vapor, and if we need not consider 
electrolysis (i.e. separation into H2 and O2) or acid-base chemistry (i.e. 
separation into H+ and OH–).

· Example: System Mg2SiO4-Fe2SiO4 is a two-component system if we are 
only concerned with olivine and coexisting liquid. But at very high pressure 
compositions in this system form MgSiO3 perovskite, and we need three 
components (e.g. MgO, FeO, SiO2) to describe the system; under these 
conditions the line Mg2SiO4-Fe2SiO4 is a pseudo-binary join.

· The number of independent compositional variablesneeded to 
specify the compositionof a system (but not its total mass or size) 
is one less than the number of components.
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Chemical thermodynamics: Definitions II
· Equilibrium: a state in which macroscopic physical properties do 

not change during the period of observation.
· Microscopic processes are still occurring, but the rate of every process is exactly 

balanced by the rate of the reverse process.
– A stableequilibrium is a global minimum in potential energy. Subject to applied 

constraints, the system cannot achieve lower energy in any way. The system 
responds to small perturbations by returning to the stable equilibrium state.

– A metastableequilibrium is a local minimum in potential energy. The equilibrium 
is stable with respect to small perturbations and does not evolve spontaneously, but 
it might respond to a large perturbation by evolving away from the metastable
equilibrium towards a lower energy state elsewhere.

stable

unstable

metastable

not at equilibrium

– An unstable equilibrium is 
a location where the system 
may not spontaneously 
evolve, but any small 
perturbation will cause it to 
move away from the original 
state. This is a local 
maximum in potential 
energy.

Chemical thermodynamics: Definitions III

• Volume (V): the size of a system in units of length3

• Temperature (T): a measure of the tendency of a body to exchange 
microscopic kinetic energy with neighboring bodies. At equilibrium, 
all parts of a system are at equal temperature.

• Heat (dq): that which is transferred from hot bodies to cold ones 
during equilibration. Convention: heat transfer into the system from 
hot surroundings is positive; heat transfer by the system to cold 
surroundings is negative.

· Pressure (P): a measure of the tendency of a body to exchange 
mechanical energy with neighboring bodies. At equilibrium, all parts 
of a system are at equal pressure (in the absence of gravitational 
fields, surface tensions, etc.).

• Work (dw): the transfer of mechanical energy between objects at 
different initial pressures. For our purposes work is always given by 
dw = PdV. So by convention, work is positive when the system 
expands into low-pressure surroundings; negative when high-pressure 
surroundings compress the system.

Chemical thermodynamics: Definitions IV

• Reversible: an idealized process that proceeds through a sequence 
of equilibrium states as the parameters (P, V, T, etc.) are varied 
externally, without any finite deviation from equilibrium.

• Spontaneous: a real process, where the internal state of a system 
changes in order to approach equilibrium from an initially 
disequilibrium state

Spontaneous Reversible

The equilibrium constant

Consider the reaction:  aA + bB �� cC +dD and the activity coef of all 
species is equal to 1

Keq = Cc Dd

Aa Bb

If activities are not equal to 1 then:

Keq = �ˆCc �ˆDd

�ˆAa �ˆBb

In thermodynamic terms:

Keq =
-DGR

0

RT( )ln

activity

Or Keq =
-DGR

0

5.708( )log
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Review of logarithms

LOGS ARE EXPONENTS

Using log10 ("log to the base 10"): 

log10 100 = 2 is equivalent to 102 = 100 

10 is the base, 2 is the logarithm (i.e., the exponent or power) and 100 is the number. 

-310-31/1000 = 
0.001

-210-21/100 = 
0.01

-110-11/10 = 0.1

01001

110110

2102100

31031000

LogarithmExponential 
Expression

Number
To find the logarithm of a number other than a power of 10, you need to 
use your scientific calculator.  On most calculators, you obtain the log (or 
ln) of a number by

1.entering the number, then 
2.pressing the log (or ln) button. 

Example 1: log 5.43 x 1010 = 10.7347 or in a 
more common geochemical notation….10 10.735

-So if you had a concentration of 5.43 x E10 umolesL-1 you could 
also express it as 10 10.7347.  

To convert a natural logarithm to base-10 
logarithm, divide by the conversion factor 2.303. 

*The log notation arose prior to widespread and cheap calculators.  The equations will still work if you work 
in concentrations but constants are reported in logs.

- Since logarithms are nothing more than exponents, these rules come from 
the rules of exponents

Rule 1: To multiply identical bases, add the expone nts.
10 -10.57 x 10 -4.60 = -10.57 + (-4.60) =  10 -15.17

Rule 2: To divide identical bases, subtract the exp onents.
10 -10.57 / 10 -4.60 = -10.57 – (-4.60) = 10 -5.97

Rule 3: When there are two or more exponents and on ly one base, 
multiply the exponents.

(10 -3.60) (10 -3.54) 2 = -3.60 + (2 x -3.54) = 10 -10.68

Simple calculations with logs

When we are talking about mineral dissolution we us e 
equilibrium constants in the form of the solubility  product 
(Ksp).  Allows us to calculate the activity of ions in solution
at saturation

Ex: Gypsum dissolving…   CaSO4*2H2O �� Ca2+ + SO4
2- + 2H2O

Keq=
[Ca 2+ ] [ SO4 2- ] [H20]

[CaSO4*2H2O]

Brackets denote
activity

By definition water has an activity of 1 as does anything in its pure solid
Standard state (in this case gypsum), so…

Keq= [Ca 2+ ] [ SO4 2- ] = Ksp

For dissolution AB ��� � � �� � A + B, the K sp =  

(the effective conc.)

[A ] [ B ]
(at saturation)

-The solubility product K sp is highly useful because it gives us a criteria 
against which to judge how saturated a solution is in particular ions and
hence, how likely it is that certain minerals will precipitate out and form.

-For the compound AB, when the product of the constituent ion 
activities ([A] x [B]):

= Ksp……saturation
< Ksp……undersaturated
> Ksp……over saturated (ppt likely, or at least thermodynamically probable)

-Speaking of thermodynamics……the Ksp for a dissolvable compound is 
determined from the free energies of its components……
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Ex: Gypsum dissolving… CaSO4*2H2O ������ �� Ca2+ + SO4
2- + 2H2O

Remember:  a) Keq = Ksp

Keq =
-DGR

0

5.708( )logb)

DGreaction = SDGproducts - SDGreactantsc)

log Ksp gypsum = 
- {(DGcalcium+ + DGsulfate + 2DGwater) – (DGgypsum)}

5.708

Free energies (DG) of formation in Appendix II…substitute in

DGR
0

DGR
0

= 26.28 kJ mol-1

log Ksp gypsum = -4.60 Ksp gypsum = 10 -4.60

Back to Activity Coefficients

Recall……………

Activity is the ‘effective’ concentration of a species as opposed to its
actual concentration.  It takes into account interaction with other species.
The activity is less than the actual conc.

The activity coeficient (gi) for species ‘i’ relates the activity to its concentration.

gi = ai / mi  ……or ……ai = gimi
Where a is the activity and m is the actual concentration

-In ‘ideal’ solutions, activity = concentration.  Almost all solns are not ideal
due to:

-electrostatic charges between ions
-hydration shells around ions (water entourage)

Calculating the Activity Coefficient

-Different models used to calculate g depending on ionic strength (I)

-First step to calculating g is to calculate ionic strength

I = ½ Smizi
2

moles L-1 of ion i

charge of ion i

-When calculating I remember to account for all ions

-Once ionic strength is calculated, there are several different 
models available to calculate the activity coefficient (g) for a species
depending on the relative value of I

Debye-Huckel Model

A=Debye Huckel constant 
B=Debye Huckel constant
C=Davis constant.. good for higher ionic strengths

ai =(hydrated radius)

A and B vary with temperature and pressure

CI
IBa

IzzA
+

+

-
= -+

±
)1(

log
0

g



6

Models for calculating g

Table  2-4.  Appropriate  ranges  of  ionic
strengths for activity coefficient models.

Model
Ionic strength
( moles L-1)

Debye-Hückel 0 to 0.1

Davies 0 to 0.6

Truesdell-Jones 0 to 2

Specific  Ion Interaction 0 to 4

Pitzer 0 to 6

*From Langmuir (1997)

Table 2-2. Density of water, dielectric constant and Debye-Hückel and Truesdell-
Jones constants at 1 bar pressure*

Debye-Hückel constants

Temperature
 (oC)

Density of water
 (kg m-3)

Dielectric
constant A B

0 0.99984 87.8191 0.4912 0.3248

5 0.99977 85.8838 0.4942 0.3254

10 0.99970 83.9785 0.4976 0.3262

115 0.99896 82.1042 0.5012 0.3270

20 0.99821 80.2618 0.5052 0.3279

25 0.99693 78.4520 0.5094 0.3289

30 0.99565 76.6755 0.5138 0.3299

35 0.99394 74.9326 0.5185 0.3310

40 0.99222 73.2238 0.5235 0.3322

45 0.99013 71.5493 0.5287 0.3334

50 0.98803 69.9094 0.5342 0.3347

55 0.98562 68.3043 0.5399 0.3360

60 0.98320 66.7342 0.5459 0.3373

*Density of water from CRC Handbook of Chemistry and Physics (2000)

Table 2-3. Parameters for the De bye-Hückel and Truesdell-Jones equations at 1 Atm*

Debye-Hückel Truesdell-Jones

Ion ai (Å) ai (Å) b (L mol-1)

H+ 9.0 4.78 0.24

Na+ 4.0 4.32 0.06

K+ 3.0 3.71 0.01

Mg2+ 8.0 5.46 0.22

Ca2+ 6.0 4.86 0.15

Sr2 + 5.0 5.48 0.11

Ba2+ 5.0 4.55 0.09

Mn2+ 6.0 7.04 0.22

Fe2+ 6.0 5.08 0.16

Co2+ 6.0 6.17 0.22

Ni 2+ 6.0 5.51 0.22

Zn2+ 6.0 4.87 0.24

Cd2+ 5.0 5.80 0.10

Pb2+ 4.5 4.80 0.01

Al 3+ 9.0 6.65 0.19

OH- 3.5 10.65 0.21

F- 3.5 3.46 0.08

Cl- 3.0 3.71 0.01
HCO

�
3 4.0 5.4 0

CO
2�
3 4.5 5.4 0

SO
2�
4 4.0 5.31 -0.07

*Debye-Hückel radii from Kie lland (1937). Truesdell-Jones parameters from Truesdell and
Jones (1974) and Parkhurst (1990)

Concentrations given in mgL-1

Must be converted to mol L-1

1) Calculate ionic strength with all ions
I = 0.5 [(3.68 E-4)(2)2 + (1.54 E-4)(2)2 + (3.13 E-4)(1)2 + (7.37 E-5)(1)2 + (2.37 E-4)(1)2

+ (1.20 E-4)(2)2 + (8.69 E -4)(1)2 = 2 E-3 mol charge L-1

mg / L mmol / L mol / L
Ca 2+ 14.7 0.3675 3.68E-04
Mg 2+ 3.7 0.154167 1.54E-04
Na + 7.2 0.313043 3.13E-04
K + 1.4 0.073684 7.37E-05
Cl 2- 8.3 0.237143 2.37E-04
SO4 2- 11.5 0.119792 1.20E-04
HCO3 - 53 0.868852 8.69E-04
SiO2 10.4 0.173333 1.73E-04

*note that SiO2 was not part of the calculation because it was not an ion

2) Debye-Huckel to get g for Ca 2+ at 25 degrees Celsius

log gCa 2+ = {-(0.5094)(2)2 SQRT(2.0 E-3)} / {1 + (0.3289)(6.0)  SQRT(2.0 E-3)}

log g Ca 2+ = -0.084

g Ca2+ = 0.82
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Activity coefficients for uncharged species

There are a couple of eqns that allow for calculation of 
activity coefficients for uncharged species.  Both yield values close to 1
for low and high ionic strength solutions.

For nearly all cases considered in this class, assume g= 1 for 
uncharged and pure compounds.

Related:

The activity (not activity coefficient) of a solid is = 1

Assume water has an activity of 1

Aqueous complexes are dissolved species formed from two or more
simpler species, each of which can exist in aqueous solution.

A+ + B- �� ABaq

Dissolved (not ppt)

Keq = Kstab = [ABaq] / [A+] [B-]

The solubility of compounds whose ions form aqueous complexes with
other ions, is increased above that predicted from the solubility product.

The formation of the complexes effectively lowers the concentration of 
the free dissolved ions

Measuring Disequilibrium

How can you tell how close a reaction is to equilibrium?
The same way you calculate whether a solution is over or undersaturated. 

Ex: Gypsum dissolving…   CaSO 4*2H2O ������ �� Ca2+ + SO4
2- + 2H2O

The solubility product (Ksp) =                         =  10 -4.6 at equilibrium[Ca2+] [SO4
2-]

If the product of the actual ion activities (IAP….ion activity product)  

[Ca2+] [SO4
2-] = Ksp then the reaction is at equilibrium and 

the solution is neither over or undersaturated with respect to gypsum

If IAP> Ksp then the solution is oversaturated and precipitation of gypsum is 
thermodynamically favorable

Over saturation is indicated when:
IAP/Ksp > 1  or log (IAP/Ksp) >0

Ex : For a solution with [Ca 2+ ] = 1 E-3 mol L-1 and [SO4
2- ] = 1 E-2  mol L-1 ,

under standard conditions, what is the saturation state with
respect to gypsum?  Remember Ksp = 10 -4.6
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Ex : For a solution with [Ca 2+ ] = 10-3 mol L-1 and [SO4
2- ] = 10-2  mol L-1 ,

under standard conditions, what is the saturation state with
respect to gypsum?  Remember Ksp = 10 -4.6

IAP / Ksp = (10-3)(10-2) / (10 -4.6)

=0.398

Less than 1, so undersaturated (about 40% of saturation)

In logs

Log (IAP / Ksp) = {(-3)+(-2)} - (-4.6)

= -0.4 

= (.001)(.01) / (.0000251)

IAP / Ksp = (10-3)(10-2) / (10 -4.6)

Log (IAP / Ksp)

Less than 0, so undersaturated

The half-life of a reaction lets you judge quickly how likely a reaction will be
in equilibrium.

Figure 2-5.Comparison of half-lives of various reactions and residence times of 
water in different reservoirs. From Langmuir (1997).

If an aqueous reaction is fast 
relative to the residence
time, then it has a better
chance of being in equilibrium

Ex: inert gas-water in
equilibrium with oceans

Problem A: 

Calculate the concentration of H + and OH - in pure 
water at 25 oC.

H2O     H+ +  OH-

Kw = [OH-][H+]

1x10-14 = x.x

1x10-14 = x2

1x10-7 = x

i.e.:   [H +] = [OH -] = 1x10 -7 M

Problem B:

If [H+] = 1x10 -4 M, calculate the hydroxide 
concentration

Kw = [OH-][H+]

1x10-14 = [OH-](1x10 -4)

[OH-] = 1x10 -10 M
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Remember:

pH = -log [H +]

pOH = -log [OH -]

pH + pOH = 14   at 25 oC

\\\ \ pH + pOH = 7+7 = 14

From problem A:

[H+] = [OH -] = 1x10 -7 M

\\\ \ pH = -log (1x10 -7) = 7

& pOH = -log (1x10 -7) = 7

As above!

\\\ \ pH + pOH = 4 + 10 = 14

Remember:

Neutral: pH = 7 ([H +] = [OH -])

Acidic: pH < 7 ([H +] > [OH -])

Basic: pH > 7 ([H +] < [OH -])

From problem B:

[H+] = 1x10 -4 M

\\\ \ pH = -log (1x10 -4) = 4

[OH-] = 1x10 -10 M

\\\ \ pOH = -log (1x10 -10) = 10

pOH = 14 – pH

= 14 – 4

= 10

\\\ \ 10 = -log [OH]

[OH] = 1x10 -10 M

OR

Problem:

Calculate the pH of 0.1 M NH 3, given that pK a = 9.244 
for ammonia.

NH3 + H2O       NH4
+ + OH-

acidbase

Kb

pK a = -log K a

\\\ \ Ka = 5.70x10-10

=  1.75 x10-5Kb =
Kw

Ka

=
1x10-14

5 .70x10-10

Problem:

Calculate the pH of 0.1 M NH 3, given that pK a = 9.244 for 
ammonia.

=  1.75 x10-5

Kb = 
x2

F - x

=
x2

0.1 - x

Solve for x using the quadratic equation

Where x = [OH-] = [NH+]

Find x = 1.31x10-3 M = [OH-]

pOH = -log [OH -] = 2.88

\\\ \ pH = 14 – 2.88 = 11.12

Negative value 
discarded


