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15.4: Standard States for the Fugacity and Activity of a Pure Solid

If substance A is a liquid at one bar and the temperature of interest, pure liquid A is the standard state for the calculation of the
enthalpy and Gibbs free energy of formation. From thermal measurements, we can find the standard Gibbs free energy of formation
of this liquid, A;G° (A, £) = ', (¢, P°). If we can measure the vapor pressure of the substance and find an equation of state that
describes the behavior of the real vapor, we can also find its fugacity and the standard Gibbs free energy of formation of its
hypothetical ideal gas, AsG° (A, HIG) = pu% (HIG®). From the principle that the chemical potential of substance A is the
same in any two phases that are at equilibrium, it follows that the fugacity is the same in each phase.

If we choose the hypothetical ideal-gas standard state as the standard state for the activity of A, then the activity and fugacity are
the same thing, and the standard state chemical potential is the same thing as the Gibbs free energy of formation of the hypothetical
ideal gas.

1o, = i3 = AsG° (4, HIG?)
(activity standard state is the hypothetical ideal gas)

Alternatively, we can choose the pure liquid as the standard state for the activity of A. In this case, there are two further options:

We can choose the pure liquid either at one bar pressure, P, or at its equilibrium vapor pressure, PJP. If we choose the pure liquid
at P°, we have

By =p, (4, P°)=AG° (A, L, P°)
(activity standard state is the pure liquid at P°)

In Chapter 16, we see that the pure liquid at Pv'p proves to be the most generally useful choice for A in a solution. For the pure
liquid at Py, we have

o =1, (6P
(activity standard state is the pure liquid at P,,)
Evidently, it is useful to be able to relate the quantities A;G° (A, HIG®), py (¢, P°) = A;G° (A, £, P°), and p (E, P, ) to
one another.

The difference between the Gibbs free energy of formation of the ideal gas in its hypothetical ideal-gas state and the Gibbs free
energy of formation of the liquid in its standard state is a quantity that we can call the standard Gibbs free energy of vaporization,
AyepG° (A, P°), because both the initial and final states are at a pressure of one bar. At an arbitrary temperature, a liquid at one
bar is not at equilibrium with its own ideal gas at one bar, and the standard Gibbs free energy of vaporization is not zero. We have

AyeyG° (A, P°) = A;G° (A, HIG®) — A;G° (A, 4, P°)
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Figure 1. Cycle that takes a pure liquid to its hypothetical ideal gas state.
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Figure 1 describes a reversible process that takes one mole of A from the pure liquid state at one bar to its hypothetical ideal-gas

standard state. We first reversibly decrease the pressure applied to pure liquid A until we reach its equilibrium vapor pressure, P,,
at the temperature of interest. The molar Gibbs free energy change for this process is

p

ApressG(A7£) = H;l (evpv.p) 7AfGo (A,K’PO) :/1':4 (prvop) 7.“:4 (£7Po) :/ f/‘:‘l (e) apr

o

To reach the hypothetical ideal-gas standard state, we then reversibly and isothermally evaporate one mole of the liquid to its real
gas. The Gibbs free energy change for this reversible process is zero, A,q,pG (A, Pv'p) =0. Finally, we isothermally and

reversibly expand the real gas to an arbitrarily low pressure, P*, conceptually convert the real gas to an ideal gas, and compress
this ideal gas from P* to one bar. The Gibbs free energy change for these latter steps is

fa (HIG®)
7, (RG, P;)

Py |V
—RT/ A(g)_i dP
0

ApressG(A,9) =RT'In

P,

=—RTIn Po

so that we can also express the standard Gibbs free energy of vaporization as

AU(IPGO (A) PO) = APTESS G (A’ ’g) + Apress G (A’ g)

i . P | Valg 1
— _ up | A 1
—/u V4 (¢) dP — RTIn| 2 RT/O a9 _Llap
Equating expressions for A,,,G° (4, P°), we find
HIG
ASG (A, HIG?) — A;G° (A, £, P°) = RTIn | AHIE)
fa(t,Pe)

Pyl RT/PJP Valg 1
° 0

Py .
= V ,(¢) dP — RT1
/O A() n RT P

Thus, we can find the standard Gibbs free energy of formation of the hypothetical ideal gas from the standard Gibbs free energy of
formation of the liquid, the equilibrium vapor pressure of the pure substance, and the equation of state of the pure gas:

A;G (A, HIG®) — AjG° (A, 0, P°) = A;G° (A, HIG®) — i, (¢, P°)

P,

2
7RT/ Valg 1 dP
0

Py .
:/ V, (£) dP — RTIn 5

o

If the vapor of the substance behaves as an ideal gas, the last integral vanishes. If we also neglect the integral of the molar volume
of the liquid, we have
P,y
PO
and f, (¢, P°) =P,,.
In this development, we suppose that we know A¢G’(A,¢, P°) from thermal measurements. We can calculate the Gibbs free

energy difference between the liquid and hypothetical ideal-gas standard states if we have an equation of state for the vapor. The
chemical potential in the hypothetical ideal-gas standard state is

A;G° (A, HIG®) = A;G° (A, 4, P°) — RTn

P
’”’] =, (¢,P°)—RTIn

PO

(ideal gas)
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and the chemical potential of the pure liquid

o (HIG®) = AsG° (A, HIG®)

wy (€, P°)=AsG° (A, L, P°)

is expressed as a function of the fugacity of the pure liquid:

wa (4, P°) =p4 (HIG’)+ RTIn

fa £, P°)
fa(HIG)

The activity formalism provides an alternative way to express the same information. When we choose the pure liquid at one bar as
the activity standard state; we set @4 (£, P°) = 1. For this activity scale, the standard chemical potential becomes the Gibbs free
energy of formation of the pure liquid, 2% (¢) = AyG° (A, ¢, P°). Since the chemical potential of the hypothetical ideal-gas
standard state is u% (HIG®) = A;G° (A, HIG?), the activity relationship becomes

AfG” (4, HIG®) ~ AfG° (A, £, P°) = (HIG®) ~ 5 (&) = — (w7, (¢, P°) — i, (HIG?) ) = RTIn[a (HIG")
Comparison with the previous equation shows that
fa(HIG?)
£y (€, Po)

If the pure liquid is at equilibrium with a gas mixture at P° in which the mole fraction of A is ;vff, the fugacity of the pure liquid is

In[as (HIG?)] = lnl

equal to the fugacity of the gas in the mixture; that is,
f;1 (‘€7 Po) = fA (RG, wzqa PO)
so that

fa(HIG?)
fa (RG, :L'i],P")

Injas (HIG’)] =In

and

fa (HIG®)

a, (HIG®) =
aa (HIG) I+ (RG, 27, Po)

Finally, let us take the activity standard state to be pure liquid A at 1 bar and find the activity of A in an arbitrary real-gas mixture
whose pressure is P and in which the mole fraction of A is z 4. Let us represent this state as A (RG, x4, P). The activity of real
gas A in this state is

- fa(RG,z4,P)  fa(RG,z4,P)
RG,z4,P) = =
g ( x4, P) £, (6, Po) fa (RG, :BZI,PO)

and the chemical potential is
na (RG, T4, P) = ,EOA (f) —i—RTln[&A (RG, T4, P)]

If the real gas that is present at mole fraction x4 in a system whose pressure is P can be treated approximately as an ideal gas,
these gas-fugacity terms can be approximated as

fa (RG, mA,P) ~ fa (IG, mA,P) =x4P
and
fa (RG,z{, P°) ~ f4 (IG,a{, P°) = f4 (IG, ;) = P

The activity becomes
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dA (RG,mA,P)z&A (IG,.’I}A,P) %:L'AP/PJP

and the chemical potential becomes

Ha (RG7 mAaP) ~pa (IG, wAv-P) = ﬁi (E) +RT].1’1( m;:P)
vp
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