Thermodynamics I

Solution Thermodynamics: Theory

Chapter 11
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Mixtures and solutions

» Real system usually contains a mixture of fluid.

« Develop the theoretical foundation for applications of
thermodynamics to gas mixtures and liquid solutions

 Introducing
— chemical potential
— partial properties
— fugacity
— excess properties
— Ideal solution
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Fundamental property relation

« The basic relation connecting the Gibbs energy to the
temperature and pressure in any closed system (Chapter 6):

d(nG):{ag]PG)} dP+Fg]TG)} dT = (nV)dP — (nS)dT

— applied to a single-phase fluid in a closed system
wherein no chemical reactions occur.

« Consider more general case of single-phase, open system:
G=G(P,T,n,n,,...,Nn,.Nn,..)

_ | a(nG) o(nG) o(nG)
d(nG)_{ s Lnqu{ s LndT{Z{ on L)dn,
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_ _ _ o | o(nG)
Define the chemical potential of species I: |4 = n

an

The fundamental property relation for single-phase fluid systems
of constant or variable composition:

d(nG) = (nV)dP — (nS)dT + Z,uidni

When the total number of moles of solution is constant (n = constant):

dG =VdP —SdT +Zuidxi — (G =GP, T, X, %y, X ...

Xi:ni/n V:(ﬁj S:_(@j
oP J; . T Jp

v

The  Gibbs ~ energy is
expressed as a function of its
canonical variables (T, P, and
composition.
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Important remark

When the Gibbs energy is expressed as a function of its
canonical variables (T, P, and x), It provides the means for
calculation of any thermodynamic property (M) by simple
mathematical operations (differentiation and elementary

algebra), and implicitly represents complete property
Information.

Example. Express molar enthalpy, A, as function of Gibbs
energy G-

G=H-TS

l oG
H=G+TS S=—(—j
P,x

|

H=G —T(@j
aT P,X
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Chemical potential and phase equilibria

« Consider a closed system consisting of two phases in equilibrium

(T=constant ; P=constant): [d(nG) = (nV)dP —(nS)dT =0

« Each individual phase is an open system, free to transfer mass to

the other:

d(nG)” = (nV)*dP —(nS)“dT + > *dn’||d(nG)” = (nV)"dP —(nS)”dT + > s/ dn/

nM =(nM)* +(nM)”

d(nG) =(nV)dP —(nS)dT + > ] gdn + > pfdnf =0

Multiple phases at the same T
and P are in equilibrium when
chemical potential of each
species Is the same in all phases.

Mass balance:
dn® = —dn”

v

y7s =,uiﬂ 1=12,...N
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Partial properties

 Define the partial molar property of species 7.

W {a(mvl)}
ani P,T.n

j

— the chemical potential and the particle molar Gibbs

energy are identical: |# =G;

— for thermodynamic property M-

nM=M(P,T,n,n,,...n,.)

l

d(nM)zn{a—M} dP+n[a—M} dT + > Mdn,
oP 1;, ol s, :

Solution properties, M

Partial properties, M,

Pure-species properties, M,
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oM oM — ) & |
d(nM)=n — | dP+n —| dT+ ) Mdn, _
(M) [aPL [aTL Z S xo=n/n

I
ndM + Mdn = n[ﬂ} dP+n{%} dT + > M, (xdn+ndx;)
oP T,n or P.,n i

g

{dM _(aﬂl,ndp_(aﬂl,n(ﬂ —iz Midxi}n+{M —ini I\Wi}dn =0

oP oT
one Is free to choose a system of any size, as represented by n, and to
choose any variation in its size, as represented by dn. Thus n7and d»
are independent and arbitrary:

dlvl—(aﬂj dP—(a—Mj dT - Mdx, =0 and M =2 xM; =0
oP T.n or PN i :

l

dM =) xdM; + > M;dx|. M = XM,

(aﬂj dP+(aﬂj 0T =" xdM, =0 Calcula_tlon of mlxtu_re
oP ). . T Jo i properties from partial

The Gibbs/Duhem equation properties
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Partial properties in binary solution

» For binary system

——M =x,M, +X,M,

A 4 / /
dMm =x§ﬁ1+mld&+xzﬂz+mzdx2 S oV, =0

Const. Pand T, using Gibbs/Duhem equation

A

dM = M. dx, + M, dx,

X, +X, =1—dx, =—dx,

A 4

M W, -,
dx,
M = lel"'xzmz — X1|\W1+(1_ X1)|W2 — Xl(ml_ I\72)"‘ I\Wz
i dM _ dM
M,=M —x imi — -
2 1O, Similarly M, =M +x, o
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Example 11.3. The need arises in a laboratory for 2000 cm?3 of

an antifreeze solution consisting of 30 mol-% methanol in water.
What volumes of pure methanol and of pure water at 25'C must
be mixed to form the 2000 cm?3 of antifreeze at 25°C? The partial

and pure molar volumes are:
Methanol: V, =38.632cm®mol ™ V, =40.727cm®mol

Water:  V, =17.765cm°mol ™ V, =18.068cm°mol ™

V =(0.3)(38.632) + (0.7)(17.765) = 24.025 cm® / mol

<
Il
|—\><
<
_I_
I\)><
<

7' 2000 n, = (0.3)(83.246) = 24.974 mol

Nn=—-= =83.246 mol——
V 24,025 n, =(0.7)(83.246) = 58.272 mol

V' =nV, = (24.974)(40.727) =1017 cm®| V,! =n.V, = (58.272)(18.068) =1053 cm®

Fig 11.2 shows how to get the partial molar volumes , if you have
solution molar volume as function of composition; V(x,).

Dr. Mohammad Al-Shannag Thermodynamics (2)

10/50



Viem® mol !

Dr. Mohammad Al-Shannag

dx,

dVv _
Vv +X2d_V d—xl—slope of thetangent line at x,
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Example. The enthalpy of a binary liquid system of species 1 and 2 at fixed T and P is:

H =400x, +600x, + X, X, (40x, +20X,)

Determine expressions for H, and H, as functions of x,, numerical values for the
pure-species enthalpies H, and H,, and numerical values for the partial enthalpies at

Infinite dilution H,” and H,”

X, =1, %, =0: |H; =400x, +600x, + X,X,(40x, +20x,) =400

X, =1 =0: |H, =400x, +600x, + XX, (40X, +20x,) =600

H = 400x, +600x, + X X, (40x, +20x,)

X +X,=1
v 3 X1+X2:1 — 2 3T 3
H =600—-180x, —20x; 5 > H, =420-60x; +40x;||H, =600+ 40x;
Hy=H+x,—
dx, x, =0 X =1
_ dH _ J — J
Hy=H-X%——| |H~ =420 H,” =640 —
dx, ' mol i mol

Infinite dilution values of partial enthalpies
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Relations among partial properties

d(nG) = (nV)dP —(nS)dT + Z:C_;‘-idni

oG, ) | a(ns) oG, | | o(nV)
ot P,n_ on, P.T.n oP T,n_ on, P.T.n

1 11l

l l

5 (G-
o ), P ),

Thus, every equation that provides a /inear relation among
thermodynamic properties of a constant-composition solution has
as Its counterpart an equation connecting the corresponding
partial properties of each species in the solution. For example,

 Maxwell relation:

7))
ar Jo, \oP ),

dG =VdP —SdT | —|dG, =V.dP —S.dT
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Relations among partial properties

Example.

]

o(nVv)

on.

]T,P,n

]

Dr. Mohammad Al-Shannag

H=U+PV
|
nH =nU +P(nV)
l
o(nH) [ o(nU) . p
6ni T.P,n, ) 6ni T.P,n,
|
H,=U,+PV,
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Ideal-gas mixture

v

VA

|

on.

O(RT/P)|  _RT {a(n)}

Dr. Mohammad Al-Shannag

o(n)

on,

} :1
P,T,n;

]

AP.T ., P ani T,
n=n+nN+...+N +...+N —)|:
VA :E »\/ 19 —\/19 —\/ 19 :E
! P I I
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Ideal-gas mixture

« Partial pressure:

pi=Y,P= y' (1=

N)

« Gibbs’s theorem: A partial molar property (other than

volume) of a constituent species |

n an ideal-gas mixture is

equal to the corresponding molar property of the species as
a pure ideal gas at the mixture temperature but at a
pressure equal to its partial pressure in the mixture.

MO (T, P) =M, p) ; M =V"

 Remember that enthalpy and internal of ideal gases are

Independent of pressure:

ﬁiig(r’ P) = Hiig(T’ p)= Hiig(r)

LTiig(r1 P) :Uiig(ra pi) :Uiig(T)
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Iqiig(-l_il:)): Hiig(T1 pi): Hiig(Tip)

M => xM,

From Chapter 6:

dS" =C,"dT /T —RdP/P

—+dS® =—RdInP const.T

JIH" :ZyiHiig U’ :ZYiUiig‘

S!9(T,P)—S/°(T, pi):—RInE:—Rlni:Rln y,
P; y;P

M= xM| | [ME(T,P)=M"(T, p)

S(T,P)-§°(T,P)=Riny,

S :ZYiSiig _RZ yiIny,

Hiig (T,P)= Hiig(r, P)

G-Ig _ Hiig —TS_iig

"G =H{®-TS?+RT Iny,

SP(T,P)-5°(T,P)=—RIny, ¢

,Uiig =I[;(T)+RT Iny,P

,Uiig = giig = Giig +RT Iny;

A

GY=> yI;(T) +VRTZyi Iny,P

[ (T): Integration const; f(T)

{ =
l G®=T(T)+RTInP

TFrom integration of at const T

dG® =V,“dP = %dP =RTdInP
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Fugacity and fugacity coefficient of pure
speciles

 Chemical potential: | _| d(nG)
zul_ ani .

) !nJ

— provides fundamental criterion for phase equilibria

— however, the Gibbs energy, hence p;, Is defined In
relation to the internal energy and entropy - (absolute
values are unknown).

* ldeal gas:|G" = (T)+RT InP

 Real pure gas or pure liquid; fugacity is defined: o
G, =T;(T)+RT Inf,

— aquantity that takes the place of £ With units of pressure
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Fugacity and fugacity coefficient

G EE(T)+RT In fi
G®=T(T)+RTInP Fugacity coefficient
. f _
G, G =RT In-_ IGR=RT In ¢ h=5
Residual Gibbs energy
From chapter 6 G _ jp (Z —1)d—P
PR RT o P
a)
P dP
In ¢ :IO ((Zi)—l)F (const. T)
\V
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Fugacity coefficient from Generic EOS

Fugacity coefficient of pure species through cubic EOS as van

der Waals,
Peng/Robinson:

Redlich/Kwong,

Soave/Redlich/Kwong, and

Ing =27, -1-In(Z; - 5) —q;l;

R

f=—a =0

a(M) _ Ya(T,)
bRT QT

R

g

See Table 3.1 to get the parameters

Vapor & Vapor-Like: |Z=1+8-9p Z-p

(Z+88)(Z+p)

start with Z=1 and then
iterate
(Chapter 3)

Liquid & Liquid-Like: |Z =+ (Z +48)(Z +oﬁ)(l+'8 ‘Zj start with Z=/3and then

95

iterate

|:£: vdw, const T
Z

| = 1 In Z+aof
o—¢ \L+&

] RK,SRK,PRatconst T

Dr. Mohammad Al-Shannag
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VLE for pure species

- Saturated vapor: |G/ =L (T)+RTIn f’
- Saturated liquid: |G/ =T;(T)+RT In f/

G'-G' =RT In%
| VLE
G’'-G' =RT In ;i, =0

¢iv :¢|I :¢isat< fiv _ fil _ fisat

For a pure species coexisting liguid and vapor phases are In
equilibrium when they have the same temperature, pressure, fugacity
and fugacity coefficient.
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Fugacity of a pure liquid

« The fugacity of pure species 7 as a compressed
liquid:

G -G*=RTIn

fi
f_sat

dG, =V,dP —S,dT

G -G™ = _[:satVidP (isothermal process)

In

f

sat
f

1
TRT I:Satv‘dp

Since V,

In

f.

_ Vi (P-R*)

IS a weak function of P

sat
f

RT

Dr. Mohammad Al-Shannag

\ 4

fi — ¢isatPisat exp

sat __ gsatpysat
™ = R

v/ (P-P™)

RT
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Example 11.5. For H,O at a temperature of 300°C and for pressures up to
10,000 kPa (100 bar) calculate values of £, and ¢, from data in the steam tables &

and plot them vs. P.
For a state at P: G =[()+RTInf

For a low pressure (ideal gas) reference state: |G® =T;(T)+RT InP

_His ] |G =H,-Ts f ,
| 'I:E ;|:HI TH| _(Si _Silg):| ) |n 5 RT (G Gg)
GY=H"-TS"
¢, = fi/P

The low pressure (say 1 kPa) at 300°C (ldeal superheated vapor):
From steam tables: |S® =10.3450J/gK ||H/° =3076.8J/g

Vapor state( P < Psat = 8592.7 kPa):
Get values of S;and H,from steam tables. Then calculate values of 7 and ¢;.

Subcooled state (10000kPa > P >Psat):
Values of f;andg; for subcooled water (10000kPa > P >Psat =8592.7) :

Vil (P . Pisat) ¢sat ¢ ¢
RT
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Example 11.5:

“kPa

fX10

e | = 1 | 28 1
O 2 4 (S S8
P >= 10 3/kPa

10

Exercise . Resolve Example 11.5 using van der Waal EOS to obtain the above

figure.
Dr. Mohammad Al-Shannag
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Fugacity and fugacity coefficient: species In
real gas mixture or liguid solution

» For species 7in a mixture of real gases or in a solution of
liquids:

4 =T,(T)+RT In/f

Fugacity of species 71in solution
(replacing the partial pressure)

« Multiple phases at the same T and P are in equilibrium
when the fugacity of each constituent species is the same
In all phases: fa _§h_ _§r
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The residual property: M =M —M"

The partial residual property: |pjR — M. — M 19

G" =G -G"
#=T,(T)+RTIn f,
/Uiig =I[;(T)+RT Iny,P

f
9 =RT In——
Hi — 4 y.P
o(nG —
PEC)
ani P.T.n;
= For ideal gas, r— ~ .
G" =0, J GR=RTIngl| . f The fugacity
) g iEy_— coefficient of
i :y—iD =1—f =yP I species 7in solution
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Fundamental residual-property relation
o(2=)=+ << G> LOP

d(nG) =(nV)dP — (nS)dT + Zﬂid”i

G=H-TS
d(Ej—ﬂd SELLIP) V) SIS 1St T
RT) RT  RT ~ RT RT

G/RT as a function of its canonical variables allows evaluation of all
other thermodynamic properties, and implicitly contains complete
property information. - - -
The residual properties: d(”G J: WV dp— ;"T'Z dT +Zi—‘_|_dn

RT RT
GR=RTIn¢
nG®) nv® nHR
d = dP dT + ) Ingdn,
( RT ] RT T? Z ¢
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Fundamental residual-property relation

~ R

R R R
] PSR ol
RT RT R = RT
nG") nv® _ nH®
d = dP =dT + > Ingdn,
( RT j RT Z ¢
Fix T and composition: ﬂ _(9(G"/RT)
|RT P )
Fix P and composition: |H" _ T 0(G" /RT)
IRT oT .
Fix T and P: Jin g, =[ 9(C*/RT)
' | ani P.T.n,

G~ P
From Chapter 6: |—= (Z-1)

Dr. Mohammad Al-Shannag
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Example 11.6. Develop a general equation for calculation of Ing
values form compressibility-factor data.

Ing =
) n

. (a(nGR/RT)j

"

nG® (P dP
RT

\ 4

- ?|lomz-n| dP
Inﬁ:j{ on. P

| JdP.T,n

on 1 o(nZ) _7
on. on,

A P = dP _ N
In ¢i — IO (Zi _1) ? Integratlon at constant temperature and COmpOSItIOH
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Fugacity coefficient from the virial EOS

» The virial equation: |z _1. B

— The mixture second virial coefficient B: |B = ZZ Yi¥;B;
]
— For a binary mixture:

RT

B=Vy,yiBi;+¥1Y,Bi, + ¥, ¥1By + Y, ¥,B,,

B; =B; B!j - Pure species virial coefficient
 For nmoles of gas mixture: 1By :Cross virial coefficient
1# ]
s _ o NBP 7 :{a(nZ)} L {8(n8)}
RT on, o1, RT | on -

Dr. Mohammad Al-Shannag

ng =z —1)%"

~ 1 ¢p| 8(nB) P | 8(nB)
h RT Jo{ on, l RT{ on, l

Thermodynamics (2)
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Fugacity coefficient from the virial EOS

gL jp{a(ne)} o P {a(nB)}
RT % | on, o RT| on -

B=Y,Y,B1+ Y1Y,Bi, + Y, ¥1By + Y, Y,By,

5252512—511—522 yi=n;/n

A 4

In ¢1 (Bll+ y2512) Similarly: |In ¢2 ( 22"‘)’1512)

For multicomponent gas mixture, the general form:

In g, :F\!:-)I-[Bkk +%ZZ YiY; (26 _é}j)J

where o =2By —B; =By,
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Example 11.7. Determine the fugacity coefficients for nitrogen
and methane in N,(1)/CH,(2) mixture at 200K and 30 bar if the
mixture contains 40 mol-% N,. Experimental virial-coefficients

are.  |B,=-352 B,,=-1050 B,=-59.8 cm®/mol

5,,=2B,—B,,—B,, =2(-59.8) +35.2+105.0 = 20.6 cm*/mol

- P 30
ng =— (B, +y2s —35.2+(0.6)%(20.6) |= —0.0501
¢ =0.9511
INg, =~ (B,,+y25,, )= —— __[-105.0+(0.4)2(20.6)]= ~0.1835
RT (83.14)(200)
|
4, =0.8324
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Generalized correlations for the fugacity

coefficient
Pure gas:
Z 1=t (B4 oBY)
Ing = _[Pr (Z,-1) dR (const.T,) I Ing = E(BO + wB")
T ) VT P ~"| Pitzercorrelations | " T

| ee/Kesler correlation _ 70 1

In ¢ :.[Pr (2°-1) dF +a)rr 7+ 95 (const.T,) :

i R R 0.172
i B =0.139- 7

In@° = " 7% 1 r 1_ (& 1dPr r
ng’ =" 5| Ing =]z -

INg=In¢° +wIn ' or|g = (¢°) ()"

Get ¢° and ¢ from Tables E13:E16 in Appendix E

Dr. Mohammad Al-Shannag Thermodynamics (2)
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Generalized correlations for the fugacity

coefficient

Table E.13 Values of ¢°
P, = 00100 0.0500 0.1000 0.2000 0.4000 0.6000  0.8000 1.0000

0.30 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
035 0.0034 0.0007 0.0003 0.0002 0.0001 0.0001 0.0001 0.0000
040 00272 0.0055 0.0028 0.0014 0.0007 0.0005 0.0004 0.0003
045 0.1321 0.0266 0.0135 0.0069 0.0036 0.0025 0.0020 0.0016
0.50 04529 0.0912 0.0461 0.0235 0.0122 0.0085 0.0067 0.0055

Table E.14 Values of ¢'
P, = 0.0100 0.0500 0.1000 0.2000 04000 0.6000 0.8000 1.0000

0.30 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.35 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
040 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
045 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
0.50 0.0014 0.0014 0.0014 0.0014 00014 0.0014 0.0013 0.0013

See Appendix E, Tables E13 ~ E16 for higher Tr
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Generalized correlations for the fugacity
coefficient

Table E.15 Values of ¢°

P,=_1.0000 12000 15000 2.0000 3.0000 50000 70000  10.000

0.30 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.35  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.40 0.0003 0.0003 0.0003 0.0002 00002 0.0002 0.0002 0.0003
045 00016 0.0014 00012 0.0010 0.0008 0.0008 0.0009 0.0012
0.50 0.0055 0.0048 0.0041 0.0034 0.0028 0.0025 0.0027 0.0034

Table E.16 Values of ¢'

P, = 10000 12000 1.5000 2.0000 3.0000 5.0000 7.0000 10.000

030 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
035 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.40 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.45 0.0002 0.0002 0.0002 0.0002 0.0001 0.0001 0.0001 0.0001
050 0.0013 0.0013 0.0013 0.0012 0.0011 0.0009 0.0008 0.0006

See Appendix E, Tables E13 ~ E16 for higher Tr
Dr. Mohammad Al-Shannag Thermodynamics (2)
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Example 11.8. Estimate a value for the fugacity of 1-butene vapor at 200°C and
70 bar.

T =1.127|
P =1731 > ¢O =0.627 and ¢1 =1.096

N\

Table E15 and E16

6= 0.638

@ =0.191

INng=In¢° +wln ¢

A 4
A 4

f =¢P =(0.638)(70) =44.7 bar
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Generalized correlations for the fugacity .
coefficient

Extension to gas mixtures:

. P 1
Ing, = RT(@ +EZZ YV (265 —@j)j Pitzer correlations
]

O =2B; —B; =By

Empirical mteractlon parameter
d (BO-I-C() B ) .. = “ +a)j
= - [T (1{ku)

3
Prausnitz et al. 1986 P — £ RT 7 - Lg+ Ly v _ {VC%B +VC}/3J
cij 2

- L Cij VCij cij 2
rij T

cij

B® = 0.083— 2422 | | Bt =0.139— 21/2|  (Chapter 3)
rij rij
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Example 11.9 Estimate ¢, and @, foran equimolar mixture of methyl ethyl
ketone (1) / toluene (2) at 50°C and 25 kPa. Set all k; = 0.

The required data are as follows:
ij Tk Pyifoar Vgilem® mol™'  Zg;,  ay
Il 5355 41.5 267, 0249 0.323
22 5018 41.1 316. 0264 0.262
12 563.0 413 291. 0256 0.293
W, + @ L.+ 7, L. RT.
@y = 5 : Zcij =— 5 : Pcij = C\J/ = Tcij =4/ (Tcich)(l_ kij)
cij
T 0 0.422 0.172
T = ﬂ B” =0.083- TrlijG B! =0.139— =

rij

RTci' 0 1
B, = (B" +®;B)

Cij

Dr. Mohammad Al-Shannag Thermodynamics (2)
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Example 11.9 Estimate ¢, and @, foran equimolar mixture of methyl ethyl
ketone (1) / toluene (2) at 50°C and 25 kPa. Set all k; = 0.

ij Ty BY B! B, femy’ mol ™!
11 0603 -0865 —1.300 —~1,387.
22 0546 -—1028 2045 ~1,860.
12 0574 =0943 -1632 ~1,611.

5, =2B,,—B,,—B,, =25cm®/mol

In g, = (B11 +y25,,)=-0.0128 4, = 0.987
P ~
In g, == (B, +¥76,,)=~0.0172——4, ~0.983
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The 1deal solution

* lIdeal gas mixture: |G =G +RTIny,

« In analogy, ideal solution is defined such that: |G =G, +RT Inx
M id _ in I\Wiid
— i id

G =G +RTInx -G _ZXiGi+RTZXi In X,

~ id
se-4 S| = 2| —Rinx
aT P,x aT P

—. oG 0G, — id
V. id = — ! - — ] id —\/ V — XiVi
| [ aP jT,x ( aP jT VI VI ZI:

W | Ci — id
A =G +T5" =G, +RT Inx, +TS, —RT Inx |~ A = H [|[H" =2 xH,

A 4

55— 5, —RlInx|S" = xS ~RYxInx

A 4
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The Lewis/Randall Rule

» For species i in gas or liquid mixture; |z =G, =L;(T)+RT In f,

« For pure speciesi (gasor liquid): |G, =T ;(T)+RT In f.

« Subtraction gives: |, =G, =G, +RT In(ﬁ/fi)‘

+ For species /in an ideal solution: |4 =G* =G, +RT In(f/ f,

« Ideal solution: |#4° =G =G, +RT Inx,

« Compare to have the Lewis/Randall rule:| fd — x f

)

The fugacity coefficient of species 7 in an ideal [»
solution Is equal to the fugacity coefficient of pure
species 7 in the same physical state as the solution

and at the same 7and ~.
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EXxcess properties

« The mathematical formalism of excess properties is
analogous to that of the residual properties:

M E — M . M id
— where M represents the molar (or unit-mass) value of
any extensive thermodynamic property (e.g., V, U, H, S,

G, etc.)
— Similarly to residual properties:
E E E ~ E
d[”G j:”V dp ”sznz dn
RT | RT RT

The fundamental excess-property relation
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Table 11.1: Summary of Equations for the Gibbs Energy and Related Properties

M in Relation to G M"® in Relation to G¥ M¥ in Relation to GE
S=—(0G/dT)p, (11.4) SR = —(0GR/3T)p ., SE = —(GE/aT)p .
V=(@0G/dP)r, (11.5) VR = 0GR /aP)r VE = (0GF /3P)r

H=G+TS HR = GR L+ TsR HE = GE + T§E
= G —TOG/aT)p = G*—~T@OG®/3T)p., = G* —~ OG0T )p:s
3(G/RT R E
_ _RTg[ (G/ )] _ _pp2[2(G*/RT) _ _pp2[3(G*/RT)
aT  1p, aT Py or P.x

— R _ apsR ;s S T

Cp = (0H/3T)p , Cp = (QH" /8T )px Cp = (IH"/3T)px
= —T@*G/dT*)p., = —T@*GR1aT%p ., = =T(@*GEar%p,




Example 11.10 (1) If CE; is a constant, independent of T, find expression for GF,
SE, and HE as functions of T. (2) From the equations developed in part (1), find &
values for GE, SE, and HE for an equilmolar solution of benzene(1) / n-hexane(2)

at 323.15K, given the following excess-property values for equilmolar solution at
298.15K: CE,=-2.86 J/mol-K, HE=2897.9 J/mol, and GE = 384.5 J/mol.

0°G")  a
oT? o T

A 4

0°GF
From Table 11.1: |C; =—T[ j
P,x

2
oT C. =a=const.
Integration
0G* E
From Table 11.1; |S° =- G =-alnT +b
oT ), ar ).
Integration l integration
SE_alnT =b G =—a(TInT =T)+bT +c
Hf =G +TS® =aT +c
At T=298.15 K: A
CE_a_ 086 Solve to obtain:
0702 a(298.15) + ¢ > a=-2.86
S : c=1750.6

384.5=-2a((298.15)In(298.15) —(298.15) +b(198.15) +Cc| | pH=-18.0171
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Example 11.10

GE =—a(TInT —T)+bT +c=2.86(T InT —T) —18.0171T +1750.6

SE=alnT-b=-2.86InT +18.0171

H® =aT +c=-2.86T +1750.6

At T=323.15 K:
GE=344.4 J/mol

SE=1.492 J/(mol.K)
HE =826.4 J/mol
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The excess Gibbs energy and the activity
coefficient

« The excess Gibbs energy is of particular interest:

G =G-G"
G =L (T)+RTInf

GY=T(T)+RTInxf

v

G =RT In——

The activity coefficient of species 7in solution.

~f. | A factor introduced into Raoult’s law to

Vi = x f. | account for liquid-phase non-idealities.
1

GF=RTIny, For ideal solution, |G =0, y =1

Comparing to gas mixture: |G~ =RT In¢?\|
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The excess Gibbs energy and the activity
coefficient

- dP —

E
d(nG
RT

_nvE nH =
RT RT?

~ E

E
dT +ZC;—deni »d(”G

_nvE

RT

|

RT

dP -

nHE

T2

dT + > Iny,dn,

VE

2

o(G" /RT) N
aP T,x

HE

RT

oT

on.

- Experimental accessible values:
T(a(G / RT)j > activity coefficients from VLE data,
P x VE and HE values come from mixing experiments.

E
Iny, = (a(nG /RT)j ) In(y) is a partial property of G5/RT
P.T,n

The Gibbs/Duhem equation

j dT —> xdM,; =0
P.n i

GE=RTIny| M=2xM (@j dP+(@
i oP ), oT
G* :
ﬁ:in Iny;| > xdIny, =0 (const.T,P)

-
Important application in phase-equilibrium thermodynamics.
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The nature of excess properties

How to obtain solution excess properties?

GE : through the data reduction of VLE experiments

VE: from mixing experiment (Chapter 12)

HE : from mixing experiment

SE=(HE-GE)/T

» Remember that excess properties are strong function of
temperature.
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The nature of excess properties |
Fig 11.4: Excess properties at 50 oC for six binary liquid systems:

O —
©
= 1000
e
.\]
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GE
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}z GE
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The nature of excess properties

« Important remarks on Fig 11.4:
— Excess properties become zero as either species approach
purity.
— GE is approximately parabolic in shape; HE and TSE exhibit

Individualistic composition dependence.

— When an excess property ME has single sign (+ve or —ve),
the extreme value of ME often occurs near the equilmolar

composition.
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