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Chemical changes among pure components and compounds

Solutions: elements or compounds dissolved in one another
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Many of the interesting properties of materials and many
Important chemical reactions take place

Thermodynamics of these solutions

SJTU Thermodynamics of Materials Spring 2007  © X. J. Jin Lecture 12 Solution Il



S.J.T.U.
Phase Transformation and Applications Page 3/46

15:48:33
Introduction 2

A Y el — A R oy — A AR S R
S5 e R R DX TR IR R X () A dd e A

P SN AT BAAE A 2 P 0 E e I ) ) 7= ) ) A 3t el

fEAR IS

HO

RE AL S FoRp kR TR e A

EMEIREE T, dG = sdn,
b B i ae s dG <0 mIfAlHE I oy — 20 (eiEddilds)
Z:,uidni <0

fE AL

S0 RS A2 8 ) — A o 2 A

— M, HRIPAT A AN 1k T e AR AR

(R S7FS

A w eI J]

SJTU Thermodynamics of Materials Spring 2007  © X. J. Jin Lecture 12 Solution Il



15:48:33

{7y

S.J.T.U.
Phase Transformation and Applications Page 4/46

PESR SR I T P LR, 0 S S (o — P
&) Po AP T, WA S BRI,
SREIR R, AL (HAT) A1dny o AR, Mo
FISFBALSM A D>dn, o TIBAHHBALSM M idn A 7
BN BN

o

BAH

dG” = g (—dng) dG” = uf (dng)
o 1) 5 A 7 R AR A
4G = dG* +dG” = (uf 42 )(dn,)

SJTU Thermodynamics of Materials Spring 2007  © X. J. Jin Lecture 12 Solution Il



S.J.T.U.

Page 5/46

#1221

REEETH, B dG =0
ANJ o dng =0 Bl pf =

75

EAGRWY, X202 ARG

TR “ERARGTH A

FH G BE AN s ) b 2RSS, A2
WA . 7RI

a 154
Hp B

u

SJTU Thermodynamics of Materials Spring 2007

/4

:lLlB

© X.J.Jin

o AEA AR AL 4

o

BAH

)

Lecture 12 Solution Il



15:48:33

e 1212
T e e
P LR R L, i
4G = (i — i )(dng) <O .
AN dng >0
Pt Y0 5B dny ot

/uB'B < ,ng IZJEE]\B*B

T T A b 2 A AT 1 R T B 2
TERAR, BB A R P RO AL 23 .

XPH AT KA. RS AL R, g R,
7 LR A A 25 24

SJTU Thermodynamics of Materials Spring 2007  © X. J. Jin Lecture 12 Solution Il



P B g

S.J.T.U.
Phase Transformation and Applications Page 7146

ZdenB <0 > wdn, <0
B

X PSR AR RS . A RER T ) 5 R

SJTU Thermodynamics of Materials Spring 2007 © X. J. Jin Lecture 12 Solution Il



S.J.T.U.
Phase Transformation and Applications Page 8/46

1, VLR 5200

oG 2%c
- — _S P
). ]G

2, JEIJHIZ A

(ﬁj _v v =RT dG =RTdInP
aP T,X

H )52 7K Gibbs B Hi fig

SJTU Thermodynamics of Materials Spring 2007 © X. J. Jin Lecture 12 Solution Il



Thermodynamic activity
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Fugacity is defined for gases:
dGi = RTd(In f,)

Thermodynamic activity of a component, I, iIs defined as:

a;

M
£

fio The fugacity of the component i in its standard state.

The fugacity of a condensed phase is equal to the fugacity of the vapor
phase in equilibrium with it.

The fugacity of the vapor is equal to the pressure of the vapor, if the
vapor in equilibrium with the condensed phase is ideal.
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Relative Partial Molar Quantities
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Mixing of A and B to form a solution, the volume changes:

AVmixing =Vm =Viina — Vinitial
N = A= NE=N I
V,, Is the volume change upon mixing: I A A A

Vi =NaVa+NgVe —naV , —ngVg

Vi = nA(\7A —\LA)—nB(VB -Vg)

—rel

Val Va-V,

The relative partial molar volume of A
The partial molar volume of A in solution relative to the molar volume of pure A.

—rel —rel
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—rel — o
Ga =Ga-G, =RTIna, |
Gp° \ '
Gg°
Garel
T Ga=Hg /
G E‘rel
! _
A : B Gg=Kp

[ BT

Figure 7.5 Plot of G versus x; to show geometrical relationships
between molar Gibbs free energy and mole fraction of B. (Note free
choice of level for G, and Gg.)
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—rel —rel

For one mole of solution,

—rel —rel

UFGHS YV

The equations for variations of thermodynamic properties with temperature,
pressure, and so on apply to solutions as well as to pure components.

—rel —rel

dG =-S dT

—rel

Ga ZEA—Q;\ =RT Ina,
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To summarize, for an ideal solution:

QM :RTZXi |nX| ﬂM :0

§|\/| - _RZXI In Xi
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o
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(d)

(b) Figure 7.4 Molar properties for an ideal solu-
tion A-B: (a) volume of mixing, (b) enthalpy
of mixing, (c¢) entropy of mixing, and (d)
Gibbs free energy of mixing.
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(5)
x
dxg A

Figure 7.3 Plot of V versus x to show geometrical relationships in an
A-B solution.
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Nomenclature
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Non-ideal Solution: JEFH AR

Activity coefficient: 7% /% &%

Gibbs-Duhem Relation: Gibbs-Duhem>< % =
Dilute Solution: Fi¥ K

Colligative Properties: #k#{k

Osmotic Pressure: 3%/
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QM = RTZXI In Xi
_ i

A IB_:-"" B

(d)
Figure 7.4 Molar properties for an ideal solu-
tion A-B: (a) volume of mixing, (b) enthalpy
of mixing, (c) entropy of mixing, and (d)
Gibbs free energy of mixing.
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Introduction

Ideal solution

Non-ideal solution: practical solution

Many forms
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A single solution in this region is
unstable relative to the mixture of
solutions of Xg; and Xg,.

If equilibrium were attained, the
single solution would decompose
Into two solutions because the
Gibbs free energy change
associated with such a
decomposition is negative.
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Non-ideal Solution (1)
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Gy #RT) xInx,

s ]

S |
I 1
| |
| r
| |
B

1 XB2 B
xg —=>

1) —

A x

Figure 7.6 Plot of G versus x; for a nonideal
solution, showing positive deviations from
Raoult’s law. (In the region between xg, and x
g2 the system can minimize G by forming
mixtures of two solutions, xz, and xg,.)
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Gy #RTD xInx,
[

Two immiscible materials

Materials A and B form no solutions
Ga” ¢ T(_?Ef"
g /
A B
Xg —>

Figure 7.7 Plot of G versus x, for mixtures of
A and B, where A and B are immiscible.
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Non-ideal Solution (3)
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A compound AB does not
dissolve in either A or B.

QY —n
le——— G el in A-AB region —— >

AR —==

A B
Gy #RTD xInx,

Figure 7.8 Plot of G versus x5 in an A-B sys-
tem when compound AB is formed.
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Non-ideal Solution (4)
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ﬁsformation and Applications

2
" -
3
QD

Xg=1
1.0 «—

ag=1

Ideal ’ —
“B solution - U 7B XpB
B B
xB —+ fi® 1.0—
Figure 7.9 Plot of activity versus composition for f }
a nonideal solution. .

1
Xj
Figure 7.1 Fugacity of component i (f,) and activity of
component i (a,) as a function of mole fraction (x,) for an
ideal solution.
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Xg —>

Figure 7.10 Extrapolation from the dilute
region in a plot of activity versus composition
for a nonideal solution.
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Gibbs-Duhem Relation (1)
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G=x,Ga+XxzGg Molar Gibbs free energy of A-B

G=G(Na,Ng)rp

dG = G adn, +Ggdng

dG = G adx, + Gpdxg A molar:

XAdaA + XBdaB -0 Gibbs-Duhem equation
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Phase Transformation and Applications

More useful form: Gibbs-Duhem equation

X,d(RT Ine, )+ xzd(RT Inaz ) =0

If the activity of one component of a binary

X
d (In aA) =B (In Oy ) > solution is known as a function of composition,
XA then the activity of the other can be determined.

ne, = XBX_s%:_jXB% Suppose the B behaves ideally.
0 0
T e & From pure A to Xg.
Xa dXA
|n0(A = ) XZInXA
A behaves ideally.
a, =X, y
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Gibbs-Duhem Relation (3)
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Xad[In(y 1 x, )]+ x5 d[In(yg x5 )] = 0 Activity coefficients

x,d(Iny,)+xgd(Inyg )+ x,d(Inx, )+ xgd(Inx, )= 0
0
x,d(Inx,)=dx, and xgd(Inx,)=dx, and dx, +dx, =0

XAd(|n7/A)+XBd(In7/B):O d(InVA):_i—Bd(Im/B)
IfBisideal;, y; =1 or ¥4 =constant

X,=1 a,=1

7a=1 |deal
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[ d(ine,)=["" -2 d(Ina,)

0 —0 XA

ne, =—£na3§—5d(lna8)
A

The case of copper-zinc alloys:

RT Iny, =-38,300xZ,

Xz

d(|n7/Cu):_

u

SJTU Thermodynamics of Materials

; d(_ 38,300 Xéuj _x, 2(38,300)
Xc RT RT

Spring 2007  © X. J. Jin

Integrating the Gibbs-Duhem Equation (1)
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Brass: copper - Zinc

The activity of zinc Is easy
to measure because zinc is
volatile, and it is possible to
measure Its pressure in
equilibrium with zinc-
containing liquids or solids.

dXe,

Lecture 12 Solution Il



Integrating the Gibbs-Duhem Equation (2)
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dx., = —dx
C Z .
’ " Brass: copper - Zinc
"7 4 In )__Jxm 2(38,300))( d The activity of 7inc i
[ 7o) ==} TR X e e activity of zinc is easy
28,300 to measre because zinc is
Inye, ==X volatile, and it is possible to

measure Its pressure in
equilibrium with zinc-
containing liquids or solids.
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["d(na,)=[""-2d(Ina,)

InaB XB :.'.: !nTB .-'L’B
|naA :—j_oo —d(ln(ZB) ’T‘ :.'_/J‘/I‘n'ch Ed(m},g)
X, s
XA

e :
e .
e

.| Henry's law region
- }"B = '}FBO

'

BE G i L AR BTG R )

N

d(ln?/A):_z_Bd(ln?/B)

Inyg —>
A
Figure 7.12 Graphical integration of the
Inya Inye Xg Gibbs—Duhem equation.
I d(|n7/A): Iny,=-| _d(|n7/3)
0 Inyg XA

R RN
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Dilute Solution and Colligative Properties (1)
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J.T.U
a

ﬁsformation and Applications

-0
%]
(0]
_|
=
QD

Raoult's law 1
Henry’s law region:

= region for ==
Aira=1

7e =78  d(inyy)=0

ys =Constant

Activity g —

Raoult’s law region:

7a=1

Henry's law
region for B;

YB=7g’ XA:1’ aA:1
Figure 7.11 Henry’s law and Raoult’s law regions for the

nonideal solution.
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Raoult’s law and Henry’s law
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Raoult’s law .
18874, 4iEt, Py=PyXy=>a,=X,

S PRI 28 URP A% TR R F AL 28 UL
P p L S L P A 5 M O T

Henry’s law

18030, i Xe =KePs = P =K gXg /> 7p =1

K, & ?Ps
AE SRR R e R A AR 5 1% AR T
i MO TR R L
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The vapor pressure of the solvent is reduced.

Ps =P Xs = Pso(l_xu)
The boiling point of the solvent is elevated.

AH
Inx, =In(l—x, )= Rvap {Tl —Tlo}
B B

The freezing point of the solvent is lowered.

The solvent will display an osmotic pressure.
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Dilute Solution and Colligative Properties (2)
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WM. 7
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Osmotic Pressure (1)
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S.JT.U
P

hase Tr

Q

Uy —y=RTInx, Raoult’s law

ta— iy = RT In(1—x; )= —RTXg /

P
_——+—— Aqueous solution
(impure water)
”‘ |_— Flexible wall
IT1=RT X
V ) I Semipermeable
V. membrane

Figure 7.14 Osmotic pressure.
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Osmotic Pressure (2)

nsformation and Applications Page 36/46

J.T.U
a

-0
%]
(0]
_|
=
QD

As an example, 0.6mol/L NaCl:

Xg = 0.6 =0.0108
1000/18
- 20.0108)8314X298) _ 5 105N /m? — 29.7atm
18x10
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Regular Solution (1)
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_ _ —rel — ]
G, =X,Gna +X,Ga Ga =Ga-G} =RTIna,

G, =X RTIn(y,x, )+ xsRT In(y ;)

G, =RT(x,Inx, +x;Inxg )+ RT(x, Iny, + x5 Iny;)

ideal XS
QM ZQM +9M

ideal
Gy =RT(x,Inx, +x;Inx;)

G),\(,lS = RT(XA|n7A+XB InyB)
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Regular Solution (2)
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() Q XS XS -

G, =RT(x,Inx, +x;Inxg )+ RT(x, Iny, + x5 Iny;)

2 2
Gy = RT(x, Inx, +Xg InXg )+ X,u0%5 + Xg @,

(XA+X83r(wXAXB )

G, =RT(XAInxA+xB InXB)+C()XAXB OKAXB
H QM zgil\tjeal_l_g);s
= X , X |
_M A‘'B HM :ﬂl:jeal+ﬂ)::
Hideal =O

— M
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For the regular solution: s*, =0 G,, =H, = oX,Xg

Hs =HS +x, OH
OXg .

T ( aE.t 5 )
XA
1‘ dxg

le— Xp >l X |
A 3

Figure 7.13 Plot of excess enthalpy of mixing versus com-
position for a nonideal solution.
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Regular Solution (4)
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For the regular solution:  s*»-0 G, =H,, =aX,X,

—xs < oH |, —xs Ol X , X
HB:HM-I—XA[ M) He = @X, Xy + X, ( A B)
OXg aXB

/
— XS

He =X, Xg + X,0(X, — Xg)

. XS 2 — XS
HB :C()XA Gs :RTInJ/B G— Qﬁ:RT(XAInVA‘FXBIn?/B)

W , Justify the algebraic form of the activity coefficient
Ny, =—X, in a regular solution.

RT
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Regular Solution: Atomistic Interpretation (1)

S.J.T.U.
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A B It A TR A Random_dist_ribution
I r8 5 3 AL 1 18] IR AH 546 Z: coordination number

N ALK T SN B T ARy aar DONDIng energy

Table 7.1 Bond Energies After Mixing Atoms A and B in a Solid Solution

Number of Bonds Energy per Bond Energy
Nag N. % 7 Erg NaNg ZE.,
T NT
N N7 E N7
AA _12__.5._ AA % A Z EA}JL
N+ N
Nas 1 E_% Eyss 1 N% E
2 2 BB
N, N,
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Regular Solution: Atomistic Interpretation (2)
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2 N,
N 2 N 2 N,N N N
EM = |:ﬁEAA +ﬁEBB +$EAB _7AEAA _7BEBB
T T T
EM _ ZNT {[Xi B XA]EAA + [Xé — Xg ]EBB }—i— XAXBEAB -
2 E,A: bOnding energy

E, = ZNTXAXB[EAB -1/ 2(EAA + Egg )] w =0, ideal
@ #0,S,, =0, regular
EM — a)XAXB Where W = ZNT [EAB -1/ 2(EAA + EBB )]

Gy =Hy TSy =aX,X; H=U+PV =E4+PV
Sy =0
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Regular Solution Atomistic Interpretation (3)
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XS XS
Sy=0 Gy =Hy =aX,Xg

For the regular solution:

— xs " oH ;, 0 a(a)XAXB )

Hs =H,, +X, Hs =X, Xz + X, p
He =X, Xg + X,0(X, —X
XS ) — XS Tq(i]
H B — a)XA G B — RT In 7/8 HI T |\,
Iny, =—x2 Justify the algebraic form c 5
In a regular solution. S ey !

Figure 7.13 Plot of excess enthalpy of mixing versus com-
position for a nonideal solution.
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Review of Today

S.J.T.U
Phase Transformation and Applications

Non-ideal Solution
Gibbs-Duhem Relation
Dilute Solution and Colligative Properties

Non-ideal Solution: FEFHEAE W

Activity coefficient: 1& & &5

Gibbs-Duhem Relation: Gibbs-Duhem>< & =
Dilute Solution: ¥

Colligative Properties: K%t

Osmotic Pressure: Zi% k&
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Homework
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*Exercises in Chap 6
P 195,7.5,7.7
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