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Fugacity of Pure Species

 Niiii ,,2,1    

 The chemical potential μi provides the fundamental criterion for phase as well as 

chemical reaction equilibria. 

 The Gibbs energy, and hence μi , is defined in relation to the internal energy and 

entropy. Because absolute values of internal energy are unknown, the same is true for 

μi . 

 For ideal gas    PyRTT ii
ig

i
ln

   PRTTG i
ig

i
ln

 The concept of fugacity is introduced when considering real fluid (gas or liquid)

iii fRTTG ln)( 
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Pf ig
i 

and the fugacity of pure species i as an ideal gas is necessarily equal to its pressure

Fugacity of Pure Species
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Residual Gibbs energy &Fugacity of Pure Species

 These equations apply to pure species i  in any phase at any condition

P

 f i
i 

i
R
i RT G ln

 At low pressures ( < 1 bar ), the fugacity of real species approaches the pressure 

0.0R
iG

 For ideal gas 1limlim
00




 
P

f i

PiP

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 i

R
i  

RT

G
ln

 Fugacity (or fugacity coefficient) is obtained from PVT data or equation of state

Residual Gibbs energy &Fugacity of Pure Species

 Recall eq. (11.33)

And combine with eq. (6.49)   )const(1
0

T
P

dP
Z

RT

G P
R

 

   T
P

dP
Z

P

ii const1ln
0 

RT

PV
Z where

Determination of fugacity coefficient 

 






 

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r
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dP
P

Z
0

1
lnrPcPP 
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 Correspondence principles and generalized charts exist for 

fugacity and other thermodynamic properties.

 For fugacity, both two- and three-parameter generalized 

charts have been developed.

 Again, these are to be used only in the absence of reliable 

experimental data.

Correspondence principle 
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Reduced variables of a gas are defined as:

Pr = P/Pc Tr = T/Tc Vr = V/Vc

Principle of corresponding states - real gases in the 

same state of reduced volume and temperature exert 

approximately the same pressure. Another way to 

say this is, real gases in the same reduced state of 

temperature and pressure have the same reduced 

compressibility factor.

This fact can be used to calculate PVT properties of 

gases for which no EOS is available.

Correspondence principle 
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I. We can use this equation together with the generalized Z 

charts.

1) Look up Pc and Tc of gas

2) Calculate Pr and Tr values for desired T’s and P’s

3) Make a Table of Z from the generalized charts at various values of Tr

and Pr. Of course, we must have Pr values from 0 to the pressure of 

interest at each temperature.

4) Graph (Z-1)/Pr vs. Pr for each Tr.

5) Determine the area under the the graph from Pr = 0 to Pr = Pr to get ln 

.

II. Used generalized fugacity charts.

Correspondence principle 
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Calculate the fugacity of CO2 at 600°C (873 K) 

and 1200 atm.

Tc = 304.2 K; Pc = 72.8 atm

Tr = 2.87; Pr = 16.48

From the chart   1.12

so 

f = (1.12)(1200) = 1344 bars

Example

P

 f i
i 
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PB

Tconst
P

dP

RT

PB

ii
i

P
ii

i



 





ln

)(ln
0

 Where the second virial coefficient       is a function of temperature only for a pure 
species

iiB

Fugacity coefficient of Pure Species

RT

PB
Z ii

i 1

Virial equation of state

   T
P

dP
Z

P

ii const1ln
0 
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Fugacity coefficient of Pure Species
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Fugacity coefficient of Pure Species

Lee-Kesler correlation
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Fugacity and Fugacity coefficient of Pure Species

But

Hence
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Integration of the equation at constant temperature from zero pressure ( φ = 1) to a state 

pressure P gives

 






 
P

P
PRT

V

0

1
lnOR

   T
P

dP
Z

P

ii const1ln
0 

Fugacity and Fugacity coefficient of Pure Species

OR



Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

21

Fugacity and Fugacity coefficient of Pure Species

Using the original Redlich-Kwong equation:

)()( 2
1

bVVT

a

bV

RT
P







 If the EOS is explicit in pressure, we can use the relation
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Fugacity and Fugacity coefficient of Pure Species

RT

VP
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



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


 







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 
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
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






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

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P

P
PRT

V

0

1
lnUsing the equation 
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then

Fugacity and Fugacity coefficient of Pure Species

 






 
P

P
PRT

V

0

1
ln

Change the integrating variable from P  to v using the product rule

 For the equation
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Fugacity and Fugacity coefficient of Pure Species
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Using the van der Waals equation:

  2V

a

bV

RT
P 




Fugacity and Fugacity coefficient of Pure Species

OR

But
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RT

VP

RTV

a

bV

b

bV

V
ln

2
lnln 















Fugacity and Fugacity coefficient of Pure Species

Generic Cubic EOS
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Example 
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Determine the fugacity, in bars, for R134a for a Redlich-Kwong gas at 90 oC and 10 

bar. Compare against Van der Waals EOS.

Example 
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Vapor-Liquid Equilibrium for Pure Species
 For a saturated vapor and a saturated liquid at the same T, P

  v
ii

v
i fRTTG ln   l

ii
l
i fRTTG ln

They are in equilibrium

l
i

v
i GG  l

i
v
i  or

 (11.39)        sat
i

l
i

v
i fff 

Coexisting vapor and liquid phases have the same fugacity

0ln 
l

i

v
il

i
v
i f

f
RTGG
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 Also, 

(11.40)                               
sat

i

sat
isat

i P

f


Vapor-Liquid Equilibrium for Pure Species

 (11.41)                          sat
i

v
i

f
i  

satl
i

satv
i PP  

 And hence 

the same fugacity coefficient
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Fugacity of a Pure (compressed) Liquid

 At constant temperature, as the pressure increases

superheated vapor  →  saturated vapor → saturated liquid  →  compressed liquid
v

if
sat

i
l

i
v

i fff  l
if

For saturated vapor

   Tconst
P

dP
Z

P

f sat
iP v

isat
i

sat
isat

i  
0

1lnln

Knowing that

 Calculation of the fugacity change resulting from changes the state from saturated liquid to 

compressed liquid

For compressed liquid at constant T
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
P

P

l
isat

isat
i sat

i
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RTGG ln









 

P

P

l
i

satsatP

P

l
i

sat
i sat

i
iisat

i
i

dPV
RT

PdPV
RT

ff
1

exp
1

exp 

Also

Then,

Fugacity of a Pure (compressed) Liquid
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 The molar volume of liquid phase is a weak function of pressure if  T << Tc. When        is 

assumed constant, the value of saturated liquid, then

l
iV

   










 












 


RT

PPV
P

RT

PPV
ff

satl
isatsat

satl
isat

i
i

ii

i

i
expexp 

Fugacity of a Pure (compressed) Liquid

 1   usually small for moderate pressure

)(lnln 1212 PP
RT

V
ff 

OR
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What is the fugacity of liquid Cl2 at 25°C and 100 atm? The

vapor pressure of Cl2 at 25°C is 7.63 atm.

For the vapor coexisting with liquid:

Tc = 417 K; Pc = 76 atm

Tr = 0.71; Pr = 0.10

from the chart   0.9

f = (0.9)(7.63) = 6.87 atm

Now we must correct this to 100 atm.

V = 51 cm3 mol-1; assume to be constant.

f2 = 8.36 atm

Example

)(lnln 1212 PP
RT

V
ff 
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Example 

Vapor

Liquid

Fugacity of liquid rises very 
slowly with increasing pressure
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Fugacity and fugacity coefficient: Species in solution

 For species  I  in a mixture of real gases or in a solution of liquids, the equilibrium analogous 

to Eq. (11.20), the ideal-gas expression, is:

   PyRTT ii
ig

i
ln

 For an ideal gas mixture, the chemical potential is

  iii fRTT ˆln

if

if̂

fugacity of species pure species

fugacity of species in solution (mixture)

iii fRTTG ln)( 
 For real fluid (gas or liquid)
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Fugacity and fugacity coefficient: Species in solution
v
i

l
i  

    v
ii

l
ii fRTTfRTT ˆlnˆln 

l
i

v
i ff ˆˆ 

 For multiple phases and the same T and P in equilibrium

 Niiii ,,2,1    

 Nifff iii ,,2,1ˆˆˆ   

Criteria for multicomponent vapor/liquid equilibrium

 The fugacity of each species is the same in all phases

 The equality of the fugacity can be used for the criteria of phase equilibrium instead of the equ

ality of chemical potential.
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38

)41.6(              MMM igR 

 The definition of a residual property is given in Sec. 6.2:

 Where M is the molar (or unit mass) value of a thermodynamic property and M ig is the value 

that the property would have for an ideal gas of the same composition at same T and P. The 

defining equation for a partial residual property 

Fugacity and fugacity coefficient: Species in solution

igR nGnGnG  The residual Gibbs energy is 

the partial residual Gibbs energy is ig
ii

R
i GGG   
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Py

f
RTG

i

iig
ii

R
i

ˆ
ln   

Fugacity and fugacity coefficient: Species in solution

Py

f
RTG

i

i
ii

R
i

ˆ
ˆˆln  

 The fugacity coefficient of species i in mixture  is defined asi̂

 In an ideal gas mixture, the fugacity of species i is equal to its partial pressure

1ˆˆ  ig
ii

ig
i Pyf 

 In an ideal gas of pure species, the fugacity is equal to (total) pressure 
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The Fundamental Residual-Property Relation

dT
RT

d
RTRT

d
2

1 G
G

G










i
i

i dnGdTdPd  SVG TSHG 










i
i

i dn
RT

G
dT

RT
dP

RTRT
d

2

HVG
Substituting

 For an ideal gas 








i
i

ig
i

igigig

dn
RT

G
dT

RT
dP

RTRT
d

2

HVG

Subtraction gives










i
i

R
i

RRR

dn
RT

G
dT

RT
dP

RTRT
d

2

HVG

Determination of fugacity 

coefficient in solution 
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








i
i

R
i

RRR

dn
RT

G
dT

RT

nH
dP

RT

nV

RT

nG
d

2

(11.55)                                    
)/(ˆln

(11.54)                                 
)/(

(11.53)                                     
)/(

(11.52)           ˆln

,,

,

,

2

xTPi

R

i

xP
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xT
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i
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RRR

n

RTnG

  
T

RTG
T
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 dndT
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d




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

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



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
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
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










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











RT

V

P

R
i

xT

i 













,

ˆln
2

,

ˆln

RT

H

T

R
i

xP

i 









 

Determination of fugacity coefficient in solution 
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)/(ˆln

,, xTPi

R

i n

RTnG













And combine with eq. (6.49)   )const(1
0

T
P

dP
Z

RT

G P
R

 

Determination of fugacity coefficient in solution 
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Determination of fugacity coefficient in solution 
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 Volume-explicit virial equation of state


RT

BP
Z 1

 The mixture second virial coefficient B is a function of T and composition.

For mixture

e.g. binary mixture

B = y1y1B11 + y1y2B12 + y2y1B21+ y2y2B22  

B = y1
2B11 + 2y1y2B12 + y2

2B22 (11.58)

(11.57)                             ijj
i j

i ByyB  [volume/mol]

Determination of fugacity coefficient in solution 
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with Bij = Bji

B11, B22 pure species virial coefficients

B12 cross virial coefficient (mixture property)

Bij is a function only of temperature 

Re-arrange

Determination of fugacity coefficient in solution 

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

46

Determination of fugacity coefficient in solution 
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Determination of fugacity coefficient in solution 
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 

  (11.60)                             ˆln

(11.59)                             ˆln

12
2
1222

12
2
2111





yB
RT

P

yB
RT

P





Determination of fugacity coefficient in solution 
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49

Determination of fugacity coefficient in solution 
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N2 / CH4 y1 = 0.4, T = 200K, P = 30 bar

Example

B11 = –35.2   B22 = –105.0  B12 = –59.8 cm3/mol

12 = 20.6 cm3/mol

1̂ 2̂= 0.9511 = 0.8324

Determination of fugacity coefficient in solution 

 

  (11.60)                             ˆln

(11.59)                             ˆln

12
2
1222

12
2
2111





yB
RT

P

yB
RT

P




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The Ideal Solution
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Partial properties of an ideal solution

Entropy
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Enthalpy Molar Volume

Partial properties of an ideal solution
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The Lewis-Randall rule

  iii fRTTG ln

  iii fRTT ˆln

for pure species

for mixture 

Subtraction gives )/ˆln( iiii ffRTG  generic relation for real mixtures

For an ideal solution )/ˆln( i
id

ii
id

i ffRTG 

Comparison with the definition of an ideal solution

ii
id
i xRTG ln

gives the Lewis-Randall rule ii
id

i fxf ˆ
i

id
i ff ˆ

Comment
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 The fugacity of species i in an ideal solution is proportional to its mole fraction

 In terms of the fugacity coefficient 

P

f

Px

fx

Px

f i

i

ii

i

id
i 
ˆ

i
id
i  ˆ

The Lewis-Randall rule

 The fugacity coefficient of species i in an ideal solution is equal to the fugacity coefficient of 

pure species

Rault’s law

 If we further assume further (vapor phase is an ideal gas), we obtain

sat
ii Pf 

sat
ii Pf 

For vapor 

sat
ii

id
i Pxf ˆFor liquid 
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 Excess properties are measures of deviations from ideal solution behavior

Excess Properties 

idE MMM 

Excess  =  Real solution – Ideal solution

idE GGG 
idE HHH idE SSS 

They are related by EEE STHG 

The fundamental excess-property relation










i
i

E
i

EEE

dn
RT

G
dT

RT
dP

RTRT
d

2

HVG










i
i

E
i

EEE

dn
RT

G
dT

RT

nH
dP

RT

nV

RT

nG
d

2
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The Excess Gibbs Energy and the Activity Coefficient

  iii fRTTG ˆln = chemical potential

 For an ideal solution

  iii
id

i fxRTTG ln

 Difference is the excess partial molar Gibbs energy

ii

iid
ii

E
i fx

f
RTGGG

ˆ
ln

 Define activity coefficient as
ii

i
i fx

f̂


i
E

i RTG ln
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i

i
i f

f
a

ˆ


The Excess Gibbs Energy and the Activity Coefficient

iii xa  The activity is defined as

 For an ideal solution

0E
iG

ii xa 
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Excess-Property Relations










i
ii

EEE

dndT
RT

nH
dP

RT

nV

RT

nG
d ln

2

 
xT

EE

P

RTG

RT

V

,

/













 
xP

EE

T

RTG
T

RT

H

,

/













 
jnTPi

E

i n

RTnG

,,

/
ln 













 The effect of pressure and temperature on the activity coefficient

RT

V

P

E
i

xT

i 










,

ln
2

,

ln

RT

H

T

E
i

xP

i 








 
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iln is a partial property with respect to

Excess-Property Relations

RTGE /

i
i

i

E

x
RT

G ln

 The Gibbs-Duhem equation is given by

0ln  i
i

i dx  at constant T, P
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Equimolar mixture of benzene and cyclohexane at 25°C and 1 bar

  15

,

bar1062.2
/ 











RT

V

P

RTG E

xT

E

  13
2

,

K1008.1
/ 











RT

H

T

RTG E

xP

E

 A pressure change of about 40 bar has nearly the same effect on the excess Gibbs energy as a 

temperature change of 1 K 

 For this reason, the effect of pressure on the excess Gibbs energy is usually neglected for 

liquids with moderate pressure changes

Example 


