W. M. White Ceochemistry

APPENDIX Tl
SUMMARY OF IMPORTANT [EQUATIONS

EqQuaTions of STATE:
Ideal GasLaw:

Coefficient of Thermal Expansion:

Compressibility:

Van der Waals Equation:

RT a
P=—= -
V-b 2
The Laws of THermdyNamics:
First Law:
AU=Q+W
written in differential form: ‘d U=4dQ + dW‘ 2

work done on the system and heat added to the system are positive. The first law states the
equivalence of heat and work and the conservation of energy.

Second Law:

dQev = TdS 3

Two ways of stating the second law are Ewvery system left to itself will, on average, change to a
condition of maximum probability and Heat cannot be extracted from a body and turned entirely into
work.

Third Law:

lim S=0
T-0

3
This follows from the facts that S =R In Q and Q =1 at T = 0 for a perfectly crystalline pure substance.

Primary Variables of THermodyNamics

The leading thermodynamic properties of a fluid are determined by the relations which exist
between the volume, pressure, termperature, energy and entropy of a given mass of fluid in a state of
thermodynamic equilibrium -J. W. Gibbs

The primary variables of thermodynamics are P, V, T, U, and S. Other thermodynamic functions
can be stated in terms of these variables. For various combination of these variables there are



W. M. White Ceochemistry

APPENDIX T I-OUATION SUMMARY

characteristics functions. The characteristic function for S and V is one of the primary variables: U.
Thus

dU = TdS + PdV| 5

OTHER IMpORTANT THERMOdyNAMIC FuNcTiIONS

What then is the use of thermodynamic equations?  They are useful precisely because some

quantities are easier to measure than others. — M. L. McGlashan
Enthalpy: H=U+ PV 6
In differential form in terms of its characteristic variables:
dH =TdS + VdP 7
Helmbholtz Free Energy: A=U-TS 8
and: dA =-PdV -SdT 9
Gibbs Free Energy: G=H-TS 10
The Gibbs Free Energy change of a reaction at constant temperature and pressure is:
AG; = AH, - TAS;| 10a
and: dG = VdP - SdT| 11

Your choice of which of these functions to use should depend on what the independent variables
in your system are. In geochemistry, P and T are the most common independent variables, so the Gibbs
Free Energy is often the function of choice.

Exact DifferenTials aANd ThHe Maxwell RelaTtions

Any expression that may be written:

M(x,y)dx+N(x,y)dy 12
is an exact differential if there exists a function z = f(x,y) such that
f(x,y) = M(X,y)dx+N(x,y)dy 13
The total differential of the function z(x,y) is written:
dz:(%) dx+($) dy = Mdx + Ndy 14
0X Jy ay /x
If dz is an exact differential, then
OM = aiN 15
dy 0x
which is equivalent to:
M N
M) _ a) 16
ay Jy \0x/x
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All thermodynamic variables of state are exact differentials. Thus the practical application of the
properties of exact differentials can be illustrated as follows. Equation 11 (dG = VdP - SdT) has the
form dz = M(x,y)dx+N(x,y)dy since V and S are functions of temperature and pressure. Equation 11
may also be written as

dG = a—G dF’+(aG dT 17
Pl \aT
and comparing equations 11 and 16, we conclude that
(aﬁ) =V and(aﬁ) =-S 18, 19
0Pt oT Jp
Applying the rule embodied in Equation 15, we can conclude that:
ov)| _ [0S
) === 20
oT Jp oPJr
Playing similar games with Equations 5 through 9, we can develop a series of relationships:
T oP
from dE () =— () 21
V)~ 1es),
oT ov
from dH () = () 22
op), ~ las),
oP 0S
from dA () = () 23
oT Y oV T
Equations 20 - 23 are known as the Maxwell Relations.
DerivaTives of ENTROpPY
pressure: (as) = -aVv 24
oP);
os) _ Cv os) _ Ce
temperature: () = — and () = = 25,26
oT v T oT p I
0S| _a
volume ( == 27
V). 7B
DerivaTives of ENTHAlpy
oH
pressure () =V({1-aT) 28
oP J;
oH
temperature () =C 29
ot )= ~P
DerivaTives of ENeErRGY
ouU ouU
temperature: () = C,, and () =C,—PaVv 30, 31
ot )~ v o), =P



W. M. White Ceochemistry

APPENDIX Tl I-QUATION SUMMARY
ou\ _Ta
volume: (a\/).l. = ? —-P 32
Difference berween Cp and Cy
2
C,—C, = T\é“ 33

The Gibbs Phase Rule:

The Gibbs Phase Rule is a rule for determining the degrees of freedom of a system.

f=c-p+2 34

f is the number of degrees of freedom, c is the number of components, and p is the number of phases.
The minimum number of components needed to describe a system is:

c=N-R
where N is the number of species, and R is the number of reactions possible between these species.

The ClapeyroN EQuATioON
The slope of a phase boundary in P-T space is:

dT _ AV,
dP = as =
Solutions
Raoult’s Law: applies to ideal solutions:
‘Pi = XiPtotal 36

Henry’s Law: applies to very dilute solutions, and state that the partial pressure of a component in
solution is proportional to it mole fraction:

Pi:hXi forxi <<1 37

Chemical PoTenTial
Chemical potential is defined as:

_[0G 38
“i_(ani)
P,T,n

where n is the number of moles of the ith component.
In multicomponent systems, the full expression for the Gibbs Free Energy is:

dG=VdP- ST +3 pdn, 39
[
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The Gibbs-Dulem RelaTion

At equilibrium and at constant pressure and temperature:

z n.dy; =0 40
i

Thermodynamic Variables in Ideal SoluTtions

M gey = HO+RTINX, 41

AVideal mixing =0 and therefore:  Vjgeg = Z Xivj = z XV
i i

AHideal mixing =0 and therefore:  Hijgeg = Z Xih; = z X iH;
i i

ASigeal mixing=-R) Xiln X;

|

S\ deal solution = z XiSi-RZ X.InX 0
I i

AGigent mixing = RT Y XiIn X, 5

|

G — 0
Gigeal solution = Z Xy + RTZ Xiln X 44
! i

ThermodyNamic Variables in Non-Ideal Solutions
Fugacity: Fugacity can be thought of as the escaping tendency of a gas in non-ideal solutions. Because
systems tend toward ideal at low pressure, it has the property:

im. fi
gimy i g 45
P
o f i
and M= M +RTIn— 46
i
Activity: Activity is defined as:
fi
Q= 47
fi
hence:
_ 0
L= K +RTIna 48
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The activity in an ideal solution is:
3 ideal = Xi
The activity coefficient, A, is defined as:
a = Xi A
When Henry's Law law holds: Ai = hj

49

50
51

The Debye-Hiickel equation is used to calculate activity coefficients in aqueous solutions. It is:

2
I A
%Y T 14 Ba/T

52

where z is charge, I is ionic strength, & is the hydrated ionic radius (significantly larger than ionic

radius), and A and B are solvent parameters. Iis calculated as:
_1 2
| = > Z m.Z
i

Excess Free Energy and activity coefficients:

Gexcess = RT D X{Ink,
i

excess

Excess Free Energy and Margules Parameters of a Regular Solution:

G o = XX ZWG
Excess Free Energy and Margules Parameters of an Asymmetric Solution:
G —(WGlx ot WGZX l)X X5

excess |

EqQuilibrium CoNsTANT
The equilibrium constant is defined as:

Kzﬂa}'i

It is related to the Gibbs Free Energy change of the reaction by:

K = e—AGo/RT
It is related to enthalphy and entropy changes of the reaction by:
InK = AH? +AS:)
RT R

Pressure and temperature dependencies of the equilibrium constant are:

JdnK)| _ AV?
oP |, RT

OxidaTtion ANd ReducTion:

The redox potential is related to the Gibbs Free Energy change of reaction as:

AG = -nFE

53

54

55

56

57

58

59

60

61
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where E is the redox potential, n is the number of electrons exchanged and F is the Faraday constant.
The Nernst Equation is:

E=p°- RT|p Mg

nk 62
The pe is defined as:
pe=-loga, 63
and is related to hydrogen scale redox potential, Efy, as:
FE,,
PE= 5 308RT 64
KiNeTiCS
Reaction Rates: For a reaction such as:
aA +bB=cC+dD
A general form for the rate of a reaction is:
1dA 1dB 1dC 1dD N, N, ~N_ N
- = T =T T =_"""=kA "B & cD'© 65
adi bdt _cdt dadt =

where np, etc. can be any number. For an elementary reaction, this reduces to:

1dA _1dB_ 1dC_ 1dD_, ,a.b 66
adt b dt c dt d dt

The temperature dependence of the rate constant is given by the Arrhenius Relation:

k S
=Aexp-s= 67
PURT
Rate constants of elementary reactions are related to the equilibrium constant as:
E _[Bleg _ app
K - [ A] =K 68
5 e
e Lo : dc
Diffusion: Fick’s First Law is: =-D x 69
X
where | is the diffusion flux and D is the diffusion coefficient. Fick’s Second Law is:
ac a’c
—| =D ~ 70
o), |ax?),
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The temperature dependence of the diffusion coefficient is:

EA
D=D,exp|- BT
aC;i ok
Diagentic Equation: = —| +2R;
at ), lox),
TrAce Elements
Equilibrium or Batch Partial Melting:
0
Ci _ 1
C pa-P+F
0
. . . Ci_1 UD-1
Fractional Partial Melting: Ef =D (1 - F)
!
Zone Refining;: Ci(l)_ % (% _ ]_)e—DR
|
G _ 1

Equilibrium Crystallization:

I
Ci -
Fractional Crystallization: EOI =(1- X)D !
[
IsoTope GEOCHEMISTRY
Binding Energy per Nucleon: Ep= [ W;\ M ] c?
Basic Equation of Radioactive Decay: d—'?l =—AN

Isotope Growth (or Isochron) Equation:

R=Ro+ Rpp (eM-1)
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