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Definitions

The specific Gibbs function for a simple compressible substance 1s:
deg =vdP —sdT

As 1 a pure substance the specific Gibbs function equals the chemucal potential. we can
write for a 1sothermal process:

duy =vdP

and replacing by the ideal gas EOS we obtain:

RT dFP
AUT ideal =T=RT‘5’1’1P

For a real gas- d”?,ma! =RTdlnf =vdP
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Definitions
vdP
din f =
f RT I
F
RT lﬂi = jv dP
fo Jp
If the EOS 1s explicit in pressure, we can use the relation:
d(vP)=vdP + Pdv 1l

leplacing Eq. 11 m Eq. 1 and integrating we get:

f J
RTln—=Pv—Fyvy - IP dv
¥

f ﬂ 'l:l
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Fugacity of Pure Species

» The chemical potential 4 provides the fundamental criterion for phase as well as

chemical reaction equilibria.
/uiazluiﬂ:'”:/ui” (i:1929”'> N)

» The Gibbs energy, and hence z , is defined in relation to the internal energy and
entropy. Because absolute values of internal energy are unknown, the same is true for

L.
> For ideal gas a:" _ luiig =T (T)+ RT ln(yip)
G® =T;(T)+RT In(P)

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

G =[(T)+RTInf
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Fugacity of Pure Species

J, = fugacity of pure species 1 (with unit of pressure)

i.e. f, 1s a pseudopressure.

note : for a gas under an 1deal gas condition. fl9=p

and the fugacity of pure species 7 as an ideal gas is necessarily equal to its pressure
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Residual Gibbs energy &Fugacity of Pure Species
Eqn (11.31)— Eqn (11.28).

_ f
G, ~Gf =RTInf - RTInP=RTIn"!

m) GR=RT Ing (11.33)
let's us defined ¢, as a fugacity coetficient for species 7 as follows.
f. : . :
g, = P—' . a dimensionless quantity

» These equations apply to pure species 7z in any phase at any condition

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

» For ideal gas . . fi
= R — = 1 R _
lim ¢ = lim — ) G =0.0

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

Residual Gibbs energy &Fugacity of Pure Species

Determination of fugacity coefficient

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

» Recall eq. (11.33) o = In ¢ i
o CIY dP
And combine with eq. (6.49) T = IO (Z — I)F (const T)
P dP
) Ing= JO (z, —I)F (constT) (11.35)

PV p(Z —1
where Z_ﬁ P=PcPr mmp ln¢:J-0 [Tder

r
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Correspondence principle

» 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.
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Correspondence principle

Reduced variables of a gas are defined as:
R=RP.  T,=T1I, Vi=uV,
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.
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Correspondence principle

|. We can use this equation together with the generalized Z

charts.
1) Look up P, and T, of gas
2) Calculate P, and T, values for desired T's and P’s

3) Make a Table of Z from the generalized charts at various values of T,
and P,. Of course, we must have P, values from O to the pressure of

interest at each temperature.
4) Graph (Z-1)/P, vs. P, for each T..
5) Determine the area under the the graph from P, =0to P, = P, to get In
Q.
ll. Used generalized fugacity charts.
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Example

Calculate the fugacity of CO, at 600°C (873 K)
and 1200 atm.
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Fugacity coefficient of Pure Species

Virial equation of state

| RT
> Where the second virial coefficient B, is a function of temperature only for a pure
species
Ing = IOP (Z, —l)d—P (constT)
PB.P dP
m) Ing-= IO (constT)
B, P

¢_
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Fugacity coefficient of Pure Species
Alternatively for the 2-term Virial Equation for Z;:

BP BFEF P
Z—-1= B?’

P
. — = (B’ +(UB} L
‘ RT RT T 3:

F

Ing, = ju 4 —1}— = j (z

£ (B"+wB' P
]11(:'5‘- — I wdpl = (BD _|_mBl)_r
! 0 T : T

¥ r

I i 0 1
‘ ¢, = exp T(B +®B")

for B” and B', see eqn 3.65 and 3.66

0.422 0.172
B =0.083— and B =0.139—

1,—1 6 T T 42
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Fugacity coefficient of Pure Species

Lee/Kesler correlation,

G dP
ng,= | (Z -0
forP=PP,  dP=PdP

. P.dP N A dP

""@,-—J (Z ) f (Z P"zL (Z°+wZ'-1) Pr
dP

Ing, = j: (2° il

, 0 1 ; (O o1 .
Ing, =In¢, +@Ing, m) 9,=0,(9)"  LeeKesler correlation

Values for ¢° and ¢' are found from Table E13-E16
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Fugacity and Fugacity coefficient of Pure Species

d”?’,rea! =RTdlnf =vdP

— dlnf="%
RT
But [IJE% - dInG=dlnf-dnp
"y 1)
Hence {‘Ilrhl[b: ___]{-I.TP
RT P
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Fugacity and Fugacity coefficient of Pure Species

Integration of the equation at constant temperature from zero pressure ( @ = 1) to a state
P .
7 v 1]
mi=||-—l|r
P 0\ RT P

P\ P, .
OR 1n¢zj(v__lJ@p :I 12—1 Jp
"\RT P oL P

pressure Pgives

-

or Ing = IOP(Zi —l)d—: (constT)
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Fugacity and Fugacity coefficient of Pure Species

» If the EOS is explicit in pressure, we can use the relation

}
thli =Pv—Fyvg —J‘Prﬁ*
L

fo .
Using the original Redlich-Kwong equation:
RT a
P=— ey
V -b) TNV +b)
- RT In f :PT_PD,‘.D_RI—IH v—>b _a I {1-+bh10

J : 1 770
fD 1'ﬂ_b E?N'IT {Tﬂ +bh

Taking F, — 0 the gas behaves as 1deal.

Py RT a (v+b)
Inf=—-1+In — 3”111 :
RT v—b pRT>'“ v
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and replacing by the definition of the pressure we get:

In f = +1n

v—b 1‘—33_}.31“3“

S —
Using the equation In ¢ = I [V— — lj oP

RT a [1 1 {-.1+£:}}
v+bh b v

VvV b 2a V +b

- e =l G T e R LV
- __ —
a V +Db b PV
+—|In| — |- = —In——
RT b V V +b RT
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Fugacity and Fugacity coefficient of Pure Species

Pap—
Vv 1

> For the equation Ing = (— ——j oP
! RT P

Change the integrating variable from P to vusing the product rule

d(Pv) = Pdv+vdP = dP = d(Pv) - Lav
¥ v

Using the definition of the compressibility factor, Z = Rﬂ

then 4(pv)=RTdZ = dP =20 dz- Lav= Laz- L

1 1 z 1
Substituting dP from the above equation
() 1 RT\(P P
In| i‘ = —| |1'——]|—n’Z——fﬁ'|
WP /) RT -v==| P )\Z v
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()L o (RT_ )
. R b vl W bt g Ll

(fY_ 1  (RT )
In| = |=—1[ |=—-P|ldv-lnZ+(Z-1
> nLP,J — WL - ] v-InZ+(Z-1)
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Fugacity and Fugacity coefficient of Pure Species

Using the van der Waals equation:

@:(RT a

V -b) V?

RT 2a
+1In —
v—bh v—bh RIv

‘ In f =

o o
OR 111|{— - |f£—P]d1'—h1.Z+(Z—])
VP )| RI v=\_ v )

st RI_4_RT _RT  a

v v v—b v
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Fugacity and Fugacity coefficient of Pure Species

— ln¢:ln[ vV j b 2a__, PV

— + = — = —1N——-
V-b) V-b VRT RT

Generic Cubic EOS

Combined egn 11.33 with 6.66b (and apply for species i),

G = RTIno, (11.33)
GR
L=Z-1-In(Z - B)—q.l 6.66b
RT I ( I ﬁj) i‘r I ( )
We get,

Ing =Z —1-1In(Z - B)—ql (1137
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Example

Deternune the fugacity (MPa) for acetylene at: (a) 250K and 10 bar; (b) 250K and 20 bar. Use the
virial equation and the shortcut vapor pressure equation.

for acetylene: T, =308.3 K, P,=6.139, ®=0.187, Z,=0271.  psa’=1 387 MPa.
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Example 2

Determine the fugacity, in bars, for R134a for a Redlich-Kwong gas at 90 °C and 10
bar. Compare against Van der Waals EOS.

R_"-']- 25

p=tt___ ¢ a=042748—°

v—b "-..'T'I-'I:_F+b:| Fe Fe

InR134, (CyFyH, ). we have T, =3743 K. P. = 40.6 bar. M =102.3 ke / kmol .

3.-25 3
a=197120Mm K 006634
kmal - kmol

the specific volume l:‘r =2724m>/ kg] i

b RT a [1 1. (v+5)

Inf = n— 9 In _ .
7 P_g,+ v—b RT3 v+b+E:- , } —> =909 bar .

for a Van der Waals gas f=921bar.
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Vapor-Liquid Equilibrium for Pure Species

» For a saturated vapor and a saturated liquid at the same 7, P

G' =T(T)+RTInf G =T(T)+RTInf/

1
They are in equilibrium

v |

G' =G or W= 1

G' -G = RTln%zo

m)  fV=f'=f"  (11.39)

Coexisting vapor and liquid phases have the same fugacity
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Vapor-Liquid Equilibrium for Pure Species

» Also, f sat
g = (11.40)
¢IvPsat — ¢|Ipsat
» And hence ¢if :¢iv _ ¢isat (11.41)

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

fiv fiv — fil — fisat fil

For saturated vapor

In g™ LI _[ " (2! —l)dFP (const T)

sat 0
i

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

Knowing that dG =VdP -5dT

P
For compressed liquid at constant T Gi—-G™ = f VidP
F

b
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Fugacity of a Pure (compressed) Liquid

Also G; —G™ =RT In-——

Then G -G®™ =RT In f :IP V! dP
i ! i f-Sat Pisat 1

_ sat 1 P | __ gsatpsat 1 P |
f=1f exp[ﬁ jp V. dP}—;z)i P exp[ﬁ | o Vi dp}
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Fugacity of a Pure (compressed) Liquid

» The molar volume of liquid phase is a weak function of pressure if T <<T,. When ViI 1s
assumed constant, the value of saturated liquid, then

fugacity of pure liquid /

| sa I sal
fi =t eXp{V‘(PR;TP't)} A exp{v‘(PR;Tp't)} (11.44)

\ )
f

The exponential is known as a Poynting factor

=~ 1 wusually small for moderate pressure

flo_1 J“” 7
1 'dP Vv
Hfsar|f:'q RI P:m - In fz —In f1 = E(Pz o Pl)
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vapor pressure of Cl, at 25°C is 7.63 atm.

-y ———— —eeen
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan . )g
Tel. +962 6 535 5000 | 22888

4




Example

Fugacity of liquid rises very
slowly with increasing pressure 7 o Liquid 1.0
- _______________II_____ |
/ I
e
6 / . 0.9
# AR Lo
/ |
/f
5 /’ ___7,% (i,?al
o =P ;
< / |
> 4+ / ] o 0.7
Figure 11.3: Fugacity L I I &;
and fugacity = // Vapor
coefficient of steam at Gt ,’ |
o 3 ! 0.6
300°C. ;
£/,
/
/,
20 /
F/
4
P;SEt
11 I
!
|
|
| 1 1 |1
0 2 4 6 8 10
Chemical E; P x 10~ 3/kPa
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Fugacity and fugacity coefficient: Species in solution

» For an ideal gas mixture, the chemical potential is

1 =T;(T)+RT In(y,P)

» For real fluid (gas or liquid)
G =L[(T)+RTInf

» 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:

4 =T(T)+RTIn

f fugacity of species pure species

>

—h

fugacity of species in solution (mixture)
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Fugacity and fugacity coefficient: Species in solution

,Uil = ,Uiv

at VLE
I(T)+RTInf' =T;(T)+RTIn f'

iﬂ ...:)ui” (izl,za”'aN)

» 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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Fugacity and fugacity coefficient: Species in solution

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

MR=M-M" (6.41)

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

> The residual Gibbs energy is nGR =nG -nG"

J(nG*) =[f}(ne_)] ) 2(nG?)
. an. o an

an.
P.T.n;

!

. . . . ~R _ ~ ~i
the partial residual Gibbs energy is G =G, -G"
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Fugacity and fugacity coefficient: Species in solution

A

f

m) G'=y —4'=RTIh—L

y;.P

~

> The fugacity coefficient of species / ¢ in mixture is defined as

G® =RTIng é =

» In an ideal gas mixture, the fugacity of species 7is equal to its partial pressure

£ig _ 2ig _
f =y,P ¢ =
» In an ideal gas of pure species, the fugacity is equal to (total) pressure
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The Fundamental Residual-Property Relation

Determination of fugacity 4 G_ _ L dG — G dT
coefficient in solution RT ny ﬁ;\

dG:VdP—SdT+Z§idni G=H-T5
Substituting dl — C |V —dP
RT) RT
> . ig ig ig
For an ideal gas q G | _V _H _dT +Z
RT RT
Subtraction gives J[(e" GF V R
RT RT
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Determination of fugacity coefficient in solution

R R R ~ R
- d C oY e M gr 3G
RT RT RT — RT
nGR | nvR nH R -
d = dP - dT + » Ing; dn; 11.52
(RTJ — . Z¢ | (11.52)
R R
nv® (8GR /RT) (11.53)
RT oP
T,X
R R
H™_ _4[9G/RT) (11.54)
RT oT
P,x
R
Ing, (MJ (11.55)
on;
P,T,x
olng | Vf olng | _ Hf
oP " RT oT RT?
T,x P.,x
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Determination of fugacity coefficient in solution

In¢, is a partial property of €7/, . (8(nG®/RT)
ani P.T.x
Gt e dP
And bi ith eq. (6.49 — = —1)— const T
nd combine with eq. (6.49) RT J-O ( ) P ( )

. lamnz-n)
In{;}i —'[|;|:—an ]

i, Ja ,L

P-_ W
=) Ing, :i(zﬁ_”? (11.60)
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Determination of fugacity coefficient in solution

Using Two-term Virial EOS

BP hBP
Z=rpr RT

21{3@2)} Hi[a(_ns;l
an, 5Th RT | on, -

2

nZ =n-+

£
al

Substitute into egn 11.60

nd _T 1. P |onB)| P _ T a(nB) b
"l RT| on, P RT an
T.n, 0 1 T.n,
-1 |anB) P | a(nB)
I = — P = _
ne RT{ an, L RT[ an, |
n w

How to evaluate?
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Determination of fugacity coefficient in solution

» Volume-explicit virial equation of state

RT

» The mixture second virial coefficient Bis a function of 77and composition.

For mixture

Bzzzyiijij (11.57)
e.g. binary mixture -
B =y,y1Bi T ¥1¥2B12 T ¥2¥1Bort ¥2¥.Bn
B =y’By; +2y,y,Bi, T ¥,°By, (11.58)

B:y1(1—y2)811+2y1y2512 +y2(1—y1)822
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[volume/mol]
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Determination of fugacity coefficient in solution

with B;= B;

B\, By, pure species virial coefficients

B, cross virial coefficient (mixture property)

B is a function only of temperature
Re-arrange

B= y1B11_y1yzB11+2y1y2512+y2522 _y1y2522
- }«’1511 +y2822+2y1y2512 _y1y2811 _y1y2822
= Y81 +Y,By +V¥,(2B;, - B, = By)
=Y,B t Y8y t Y0,

where 6, =2B,-B,,—B,,
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Determination of fugacity coefficient in solution

n
Multiply by n (note: y. = n./n), nB=nB, +nB,+n, fgu
n2
nB=nB,, +n,B,, +n, 75‘2
- a9l ) JdU — Uc
d(_nB) =B, +0+n,6,| =" note: 9— = M
dn1 o C:'n1 v v
non, —n.dn
2 1 ndn |
=B, +n, a—n1 512:811—1-1’?2 E—n28n1 0
J 'nfﬁ
n, n,ndn d
=B, + _2_%]5 :B11+[y2_y2y1__,L)512
i { n nan, | " ny”1
d(nB) |
{ o } =B,,+(1-y,)Y,8,, =B, + Y26,
1 T.n,
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Determination of fugacity coefficient in solution

B, = ﬂ[B“ + (01251) Interaction parameter
Py | / (=0 if no data provided)
®, +
W, =— 5 : T = (T T (1= kyy)
_ Zc12R7:312 _ Vc11f3 +Vc1£3 3 _ Zc1 + 26‘2
Pc12 B V Vc12 - 2 Zc12 o 2
cl2
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Determination of fugacity coefficient in solution

J(nB
[ {d!:'.' ):| 25114-(1—}’1)}’2312 :B'I'|+y§6-|2
1 T.n,
Ind = (B,+y23,) (11.59)
‘ RT 1 2712 .
. P ) |
Ing, = (B, +¥;4,) (11.60
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Determination of fugacity coefficient in solution

In general, for multicomponent gas mixture,

. P . .
Ing, = E(Bkk—"ilzzyﬁyxﬁgm —9,)

where,

® + 0.
ol 0 1 __f J _ 112
=52 (B 0B o= . T, =(T,T.)"(1-k,)
cij
T VAR VAS Z. +Z
P = cif cif Vo = cf of _ d G
cif ‘V;j cif 2 cif 2
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Determination of fugacity coefficient in solution

Using Generic Cubic EOS
- b
Ing, =E"(_Z—1)—h1(Z—ﬁ)—§'r_I

Refer to chapter 14 if you imnterested in the details.
Example

N,/CH, y, =0.4, T=200K, P=30 bar

O, =20.6 cm3/mol

[
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The Ideal Solution

. ig ] -
g _ _ g .
We know for an ideal-gas mixture, :“; =G; = G;- (T,P) + RT]JU",-

Mo intermolecular forces/interaction

and negligible particle volume (compare to molar volume).
Only for an ideal gas mixture.

For an ideal solution, we define 11 =G = G, (T.P)+ RT lnx,

I

There exist intermolecular interaction but the various molecules
have similar size, structure and intermolecular forces.
Applicable for real gas mixture and liquid solution.

However, application is most often to liquid solution.

So for an ideal solution, G =Y xG/“ =Y xG, +RTY x,Inx,
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Partial properties of an ideal solution
Entropy

Substitute i, = G, into Eqn 11.3,
dG=VdP-SdT+ Y Gdx,

Apply criterion of exactness,

T _ [3(115)] B _( G, J
F a'\’i P.T.x C}T Px

For ideal solution,

i _ JdG" | [ G, (T.P)+RTInx,)
B ar ), T .

oid _ _[ G, {T,P)] _( RInxdT
P.x

t ar a ).
S9=3 x5, - Rlnx,) = > x5, - RY xInx,
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] =S, — Rlnx,
F.x




Partial properties of an ideal solution

Enthalpy Molar Volume
dG=VdP-SdT+ Y G dx,

Apply criterion of exactness,

ﬂ;‘d =G, +RTInx, +T(S, — Rlnx,) [ f)(jr_ J {QV ] -
= (Ia + TSE' (')P T.x ('?.Yr. P.T.x
=H, . .
For ideal solution,
So for ideal solution, i — JG;* _ NG, (T, P)+ RThix,)
F C}P T.x G)P T.x
H=Y x H, Ga_| 96T |
1 | C}P T . I

J_u'z! _ = Vi
Ve =3 xV,
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The Lewis-Randall rule

G =TI, (T ) +RTInf. for pure species
=1 (T ) +RTIn fi for mixture

Subtraction gives U, = (3i + RT 1n( fi / fi) generic relation for real mixtures

For an ideal solution 1" =G, +RT In( fiid /)

Comparison with the definition of an ideal solution

#° =G, +RTInx,

. . fid _ f id
gives the Lewis-Randall rule fi =X fi Comment fi e fi
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The Lewis-Randall rule

» The fugacity of species 7in an ideal solution is proportional to its mole fraction

» In terms of the fugacity coefficient
i xf
XP  xP P
8 =4
» The fugacity coefficient of species 7in an ideal solution is equal to the fugacity coefficient of
pure species

Rault’s law
» If we further assume further f PSat (vapor phase is an ideal gas), we obtain
- Dsat
For vapor f.~P
For liquid fiid = xP*
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Excess Properties

» Excess properties are measures of deviations from ideal solution behavior
ME=M-M"
Excess = Real solution — Ideal solution

G*=G-G" S =5-g" HE=H-H"

They are related by GE — HE_TSE

The fundamental excess-property relation
G* VE
d = dP d T+
( RT j RT  RT? Z
E E E
q nG _ nv 4P _nH T+ Z
RT RT
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G = I, (T )+ RT In fi = chemical potential

» For an ideal solution
G"“ =T,(T)+RTInxf,

» Difference is the excess partial molar Gibbs energy
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The Excess Gibbs Energy and the Activity Coefficient

> The activity is defined as a = % a =X
» For an ideal solution .
G'=0 mmp RT(n="—) = RT(lnY,) =
f:ra‘
m)y -
. f
f%=x f  Lewis/Randall rule & =%
pid
divide by Px, L _ng
Px,  Px,
o' =9,
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Excess-Property Relations

nGE nv E nHE
d = dP — dT + Iny. dn.
( RT ] RT RT? Z,: n7H

VE _[8(GE /RT)} HE __T{a!GE/RT q
T,X P,x

RT | oP RT oT

. _[alncE/RT)
e on, P.T.n

I .
)

» The effect of pressure and temperature on the activity coefficient
(61n7i] _E dlny, _ Hf
oP )., RT oT ), RT?
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Excess-Property Relations

Iny, is a partial property with respect to G®/RT

E

G
ﬁ—zxiln%

» The Gibbs-Duhem equation is given by

z X dlny, =0  atconstant 7, P
i

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

4




Consider a multicomponent system in VLE, the
fugacity of species i for each phase,

For vapor mixture ﬁv =oy.P
For liquid solution fl=vxf
VLE criteria,
S0 gﬁiyjP =YX 1

This 1s the VLE relation that relates the composition of

vapor phase and that of liquid phase. See Chapter 10 for

application of this relation. Chapter 12 for correlation for .
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Equimolar mixture of benzene and cyclohexane at 25°C and 1 bar

o(GE/RT
oP

VE
= —=262x10" bar’
T.x RT

E E
o(G® /RT) __H = -1.08x107 K
oa | RT

» 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

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

4




