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14.12: Relating Fugacity and Chemical Activity

While we develop the fugacity concept by thinking about the Gibbs free energy of a pure real gas, our definition means that the
fugacity of a substance in any system depends only on the difference between the chemical potential in that system and its chemical
potential in the standard state. There is no reason to confine the definition of fugacity to gaseous systems. We generalize it: Our
defining relationship specifies the fugacity of any substance in any system as a function of the difference between its chemical
potential in that system and its chemical potential in its hypothetical ideal gas standard state.

Since the Gibbs free energy of an arbitrary system depends on the pressure, temperature, and composition of the system, the
fugacity of any component also depends on these variables. However, there is an additional constraint on the fugacity. At a
sufficiently low system pressure, the gases in any system behave ideally, and they obey Boyle’s law of partial pressures; the
integral in the fugacity-coefficient equation becomes zero, and the fugacity coefficient becomes unity. In the limit as P — 0,
fa — x4 P, where x4 is the mole fraction of A in the gas phase. At a sufficiently low pressure, any gas mixture behaves ideally,
and the fugacity of a constituent species becomes equal to its gas-phase partial pressure. (For a mixture of ideal gases, the fugacity
of a component is always equal to its partial pressure.)

In Section 14.10, we define the activity of component A in an arbitrary system by the relationship
g =H% +RTIn[as (P, T,ca,cB,cc,--.)]

where [i9% is the chemical potential of A in an activity standard state in which we stipulate that the activity of A is unity. Since the
defining equations for activity and for fugacity are formally identical, the distinction between activity and fugacity lies in our
choices of standard states and in the facts that activity is dimensionless while fugacity has the units of pressure. If we use the
hypothetical ideal-gas standard state for activity and measure the concentration in bars, the practical distinction between activity
and fugacity vanishes. We can view the fugacity as a specialization of the activity concept.

In summary: The fugacity function proves to be a useful way to express the difference between the chemical potential of a
substance in two different states. Fugacity is measured in bars with the hypothetical ideal gas standard state as the reference state.
We add chemical activity to our list of useful thermodynamic properties because it extends the advantages of the fugacity
representation to non-volatile components of systems that contain condensed phases. The standard state for activity can be any
particular state of any convenient system that contains the substance. We define the activity of the substance in this reference
system to be unity. (As with the hypothetical ideal gas standard state, we often find it useful to define a hypothetical system as the
standard state for the activity.) The chemical potential of the substance in the standard-state system is, by definition, the standard
chemical potential, 1%, for this particular activity scale.

In the remainder of this chapter and in Chapters 15-17, we consider additional properties and applications of fugacity and chemical
activity. Before doing so however, we digress to observe that we can choose an alternate definition of activity: chemical activity
can be defined as a ratio of fugacities. Let us consider three systems that contain substance A.

The first is pure gas A in its hypothetical ideal gas standard state at temperature 7', A (HIG®,T). In this state, the fugacity of A is
unity, f4 (HIG®°,T) =1 bar. The chemical potential of A is the standard-state chemical potential, which we equate to the Gibbs
free energy of formation:

Ga(HIG®,T)=A;G° (A, HIG®,T) = p5
The second is a system that we define as the standard state for the activity of A at temperature T'. Apart from convenience, there is
no reason to prefer any particular system for this role. We denote this system as A (activity standard state,T) or, for short,
A (ss,T). By definition, the activity of A in this state is unity, a% (ss) =1, and the chemical potential of A in this system is the
standard chemical potential for this particular activity scale: Gy (ss,T) =% . We denote the fugacity of A in this state as
fa (ss). By our definition of fugacity, we have

7, :u;+RT1n[ fa(s5) ]

fa (HIG®)

The third is an arbitrary system that we denote as A (P, T, ca, cp, cc, - - -). We denote the chemical potential, fugacity, and activity
of A in this system as Gyu(P,T,ca,cB,cc,...)=py (P, T ca,cB,¢ccy...), fa(P,T,ca,cB,cc,...), and
aa (P,T,ca,cB,cc,-..), respectively. By our definition of fugacity, we have
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fa(HIG®)

A (PyT, Ca5€CBsCCo, - - ) = :u’i)q +RT1n|:
and by our definition of activity,

4 (P,T,ca,cB,cc,...)=p% +RTIn[ay (P, T,ca,cB,cc,- )]
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Figure 2. Relating the chemical activity of a substance to its activity.

Figure 2 summarizes the relationships among the Gibbs free energies of these three states of substance A. From the cycle in Figure
2, we have A1G + A3G = AyG , so that

RTID[M} +RTl’n, |:fA (P7 T? CAyCBy v« ):|

fa (HIG?) Fr(s5,T)
_ fa(P,T,ca,cp,ccy---)
_ RTln[ G ]

= RT]II[&A (P,T, CAsCBy - )]
and
fA (P’Ta CAsCByCCy - - )
fA (SS,T)

That is, the activity of a substance in a particular system is always equal to its fugacity in that system divided by its fugacity in the
standard state for activity. From this relationship, it is evident that activity is always a dimensionless function of concentrations.

~A(P,T,CA,CB,CC,...):
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