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phase rule (lectures 18-19)

1 component P

1 phase: T,P vary independently
2 phases present: T and P covary
3 phases present: fixed T and P

multi-component phaserule T =2+ C—p f=3-p for c=1

* ¢ = number of components (molecular species)
p= number of coexisting phases

* intensive variables required to specify system

T, P, X, (mole fraction of component i in phase o)
 total variables to specify

total vars=2 + (c-1) p

[2 from T,P; (c-1) independent mole fractions in each phase]
« total restrictions for equilibrium

total restrictions = ¢ (p-1)

[already T, P same in each phase]

B =_..u"  (p-Irestrictions for each component)

i

set (1 then i =y

¢(p—1) total restrictions for c components
« f=total variables — total restrictions
TP X u@=u®..
f=2+(c-1)p -c(p-1)=|2+c-p 4
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phase rule and Cd-Bi phase diagram (P=1 atm)

P=1 atm
T e . .
o f=2+c-p .
e c=2 (B|, Cd) w0
© f=4p L
+ setP=1atm - “ = liquid
* fremaining=3-P E m lig+ Bi(s) liquid + Cd(s)
e variables: 2 >
T, x'cqin liquid "L Cd (s) +Bi (s) .
Bi : m‘_"mh? Percent f‘mslﬂmmm ” ” cd
"Yfca "

Listen up!!!

UNDERSTAND THE FOLLOWING DISCUSSION

OF THE PHASE RULE AND THIS
BINARY COMPONENT PHASE

DIAGRAM

O <L
it may be very good for your future i‘::’-%ﬁ- g‘ happiness
S

-
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phase rule and Cd-Bi phase diagram (P=1 atm)

A liquid,
. c=2 it p_w MG 01, 12
T A = x'cq CaN vary
« setP=1atm = L me) 0 Aed
fremaining:3'p ;“ quuid
' f;i:'es; i - solid < 146° C,
T - p=2, f=1
e Cd (s) +Bi(s) =  Tcanvary
note: Cd(s)
L s and Bi(s) are
"Yeca ' pure solids,
m.p. of pure Bi= 271.4°C not solution (alloy),
m.p. of pure Cd= 321.1°C Xoa=1 X%e=1

7

frema\ning=3'p
variables: T, /cq

* total mole fraction Cd

% 100

221108

® Cd(s)

@ Cd(s)

r=—(Bi)

phase rule and Cd-Bi phase diagram (P=1 atm)

T <280°C
liquid + Cd(s),
p=2, f=1
only T or x‘q can independently
vary (i.e. T and /.4 covary)

just appears

(ca)—|

F— — — — 4 3= ]

E)

m 0

) © Y “ %
Weight Percent Cadmium

¥
cd

lower T ol , fixed

« T= 340°C [liquid Xy ®=Xcq®=0]

* T=280°C [liquid +Cd(s) begins to appear]

+ T=250°C [Xc4? decreases, as more Cd(s) |
+ T= 185 °C [Xc4? decreases, more Cd(s) |

8
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phase rule and Cd-Bi phase diagram (eutectic)

remaining=3'p
Atomic Percent Cadmium
- liquid +Cd(s) + Bi(s)
TT I S + A— p=3, =0
£ : Tand y'c
£ liquid + Cd(s) fixed
g\lig+ Bi(s -
Bits) S () ; : cd(s) T=146° C,
just appears 3 just appears (=
l—(Bi) 3 cd (S) +Bi (S) (Cdy—] x Cd_0-55
’ =0.39 wt%
n;,. " = MW»WL-H-::!I Co;um:um“ ” - 'Ed
"Xfca "
eutectic=constant freezing composition (mixture)
9
not all solid-solid mixtures form eutectics
NaAlSi;Og + CaAl,Si,Of Cu Ni
Composition {al % Ni)
61 bl eiing
__}___\__\___D""@':wu L
I ooy
\ |
g aTatia’us(im
| | | [
g n g 5
e ; i
2 . g H
Lo e &
T
Abite N
melting”] I 1
m:osh 5\0 l&-umxiltc 7\0 nm:?- 9\0 NL“,?MQ
COMPOSITION Carl, SQ

—— (Weight % Calcium) ——+

iCu) Composition (wt% Ni) (N}
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|deal Solutions

1"

Molecular Basis for Ideal Sol’ns.

In pure liquid A, there are
only A-A interactions. ‘ DG ‘

In pure liquid B, there are

only B-B interactions. ‘ D <:| ‘
In solutions of A and B, there

are A-B interactions as well.
AHmixing: 0 ‘ |:> <:| ‘

means that all three
interactions are of equal
strength

http://classweb.gmu.edu/sdavis/chem331/engel9x.ppt
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ideal solutions

properties of the solution depend only on the properties of
components in bulk (pure) and the mole fractions of the components.

for example partial vapor pressure of components:

mole fraction A in liquid
p;") = Xﬁf) P;«——Vapor pressure of pure A

p;") = X,(;') P;+——Vapor pressure of pure B

P =P+ P =X P+ XP;
=XP;+(1-X0) Py
=X (P = P;)+ Py ——— jincar P, vs X,(!
correction PO —0p
for non-ideality i 1 i / i
activity ideal a/” = X"
HW #7 prob 55 non—ideal a” =y"X!" "

lig <> vap Eq. in Binary Mixtures

Both the liquid and the vapor
phase are binary mixtures of
A and B.

X A, X g are the mole fractions
in the liquid.

V o, Y g are the mole fractions
in the vapor.

. ®e ®s0
P a» P g are the partial
pressures in the vapor. ® 6606 ¢

http://classweb.gmu.edu/sdavis/chem331/engel9x.ppt
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benzene-toluene, quite ideal (similar to Fig 9.2 E&R4th) !!

P

total

Benzene and Toluene

=x{Q(p;-p;)+P;

Pe
benzene
100 /
g’j > Protal
é ’benzene
g P2 totuene
8 40 T I /
g P
J toluene
>
= /
0
0 0.20 0.40 0.60 0.80 100 X juene
1.00 0.80 0.60 0.40 0.20 0 e

15

http://www.chem.ucsb.edu/coursepages/06fall/1C-Watts/dl/Lecture_Notes/Lecture16.%2011-8-06Colligative%20Properties%20Solutions.pdf

Ethyl Acetate/Acetic Anhydride

http://classweb.gmu.edu/sdavis/chem331/engel9x.ppt Xethyl acetate
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X9 vs X) (notation conventions)

conventions :

mole fraction liquid component A:
X or X("*" most descriptive;
but also X , (sloppy) and x,(E & R)

mole fraction gas (vapor) component A:
X" most descriptive;
but also y,(E & R) [not very descriptive and weird??,
but note for E&R HW probs]

X4 vs XV

relate X(9 vs XV) assuming vapor is ideal gas

RT
= )}
Pu=P+P;=n,,
V
Py RT o W RT
a=n, v 3 =Hp %
P n(V) P n(V)
A _ T4 _ yW) B B __ vy
P =X, and ) =X
total total total "“total

P,=X{P or P =y XPP

) pe
X = PA = XA I)/I
! P,

total total

(E&R'sy,)

HW#7 probs 50, 55 use E&R’s v,
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how does 7] ™) relateto X (9 ? (}’i(v) =1 for ideal gas; 71‘([) =1 for ideal solution)

u = u™ for each component iin mixture |

LT, P, XY= (T)+ RT In(y’ P (T) /1 bar)
%’_/

>
old stuff !
har

f; 4= 1+ RT n| £
i e (15

P(V) - },ff)X{f)P°(V)
M (TP, XY = 7 (T)+ RT In(y” P (T) | 1 5ar) + RT In(y{" X{)

1T, BY)

chemical potential of pure component i

TP, XP)= @t (T, P+ RT In( P XP)

a little more of how does u(9 relate to X (9 ?

uO (TP, XY= @t (T,P)+ RT In(X\”) ideal soln 7 =1
solution 2 vapor components in equilibrium at T
uOT,P,Xy=u(T,P,X?)
pure liquid 2 pure vapor components in equilibrium at T
@O P Y= (T,P)

we get

uOT,P,XP)= @ ®(T)+ RT In(X")  ideal solution

LT, P, XOy= ' ®(T)+ RT In(y" X ) corrected for
—  nonideality
l
20

10



Chemistry 163B, Winter 2020

Lectures 20-21 Multicomponent Phase Rule, Solution Behavior

|deal Solutions

from: https://switkes.chemistry.ucsc.edu/teaching/CHEM1638/HANDOUT S/ideal_soln_thermo.pdf mmp
Handout #50

I The partial molar volume of each component in solution is the
same as its molar volume in pure liquid and thus the volume
of the solution is the additive volume of the pure components

V=7 v=n

i i

. The enthalpy of mixing is zero: AH =0

mix

Il The free energy of mixing is: ~ AG,, => n RTIn X,
%

AH —AG, .
IV.  The entropy of mixing is: ~ AS,, = % = —Z n,Rln X,:
%

21

Listen up!!!

UNDERSTAND THE FOLLOWING DISCUSSION

OF THE PHASE RULE AND THIS
BINARY COMPONENT PHASE

DIAGRAM

happiness

22

11



Chemistry 163B, Winter 2020

Lectures 20-21 Multicomponent Phase Rule, Solution Behavior

T vs X (P=1 atm) for solution-vapor equilibrium

toluene (b.p.=383.78) + benzene (b.p.=353.25)

vapor composition

380

375 tol+ben (vapor)
[ fremammg=2]

370

365

360

solution composition
tol+ben (solution)

355
[Fremaining=21

0 0.2 0.4 0.6 0.8

X benzene

23

fractional distillation [Ty, vs (Xyepzene) "]

380
375

S 370
2

360

355

365}

benzene

latm

_(AH
P _ ¥
latm

. P _ R
1atm

* inideal solution

)—

04 06 08 1

X benzene see handout #51)

vap Joen

(AF g )

Prn (DX,

atboiling= P

enzene

IH[M];(AEW)M{L 1 }
R T (@),

11
T e

] vapor pressure of benzene at T

T
@

]
vapor pressure of toluene at T

benzene

(T) and Py, (T)=X0 P, (T)

e + Pmlume =1latm
(Tiony(1-Xom ypr

toluene

(Tyon

« for agiven X" solve for T,»"""

(or better have Mathematica solve equations

24

12
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380

375

S 370

365

360

355

vapor
T (%o

benzene

04

0.6 08 1

X benzene

fractional distillation [Ty, vs (Xyenzene)"2P']

P X.\'u]nPo (7;;)”[”“”")

vapor  __ * benzene __ ben * ben
Ptoml

X er :XsolnP- (Tsolunon)

benzene ben LoenLpp

_ solution
=latmat T,

benzene P
rotal

since P,

total

solutic ; 7 1
get T,)""™" from equations on previous slide

25
two-phase region (P=1 atm)
at 365K a mixture of total X,=.70
380} will be a liquid X¢,=.55 in equilibrium
with vapor Xv,=.76
SIS @ liquid
O vapor
370 *total
l_
365
1
1
1
360 | i
i
1
1
355 i
i
0 0.2 0.4 0.6 1

X benzene

i 26

13



Chemistry 163B, Winter 2020

Lectures 20-21 Multicomponent Phase Rule, Solution Behavior

T vs X (P=1 atm) for solution-vapor equilibrium TOLUENE + BENZENE

toluene (b.p.=383.78) + benzene (b.p.=353.25)

X = 0.65

benz

a solution of X! =0.65 at T=357K

benz

isaliquid
vapor
380 composition that boils at ~362K (P, =1atm)
375 ) tol+ben (vapor) at T ~362K the soluton isin
solution q f =
compositon A fremaining=2] equilibrium with vapor X", = .83
370 :
= S W
if the system is maintained
] at P, =1atm and T is raised
wol T T T T T T T : to 365K, liquid will evaporate
tol+ben (solution) - until X! =0.53 and X\, =0.74
355 [Fromaining=2] :
. . : above T=369.8K the system is all
0 0.2 0.4X 06 08 1 vapor with X(_ =0.65
benzene . ) c
® liquid
O vapor
> total 27
fractional distillation
[~ harmomater Trartdonal Distllation etc !!
in the Labarat

http://www.wpbschoolhouse.btinternet.co.uk/page12/gifs/FracDistRed.gif

Ty X=Xt

T, x("=x"

28
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fractional distilation

toluene (b.p.=383.78) + benzene (b.p.=353.25)
benzene more “volatile” than toluene

top of column (cooler) |

380 vapor composition VL approaches
Xbenzene_1
375 V. etc, ...
IV. . evaporate
2370 y
¥ ) « vapor XYyenzene =-88
I ~
365 III. . condense Xson, - e =72
11 ~
N . pr~359.5
360 . .
e I y t - C .t 4444444444444444 -
solution-compositicn I1. « vapor X¥penzene =72
355 I. .start with 50-50 mixture
. pr =~ 366
0 0.2 0.4 08 038 1
X penzene bottom of column (warmer) |
29

azeotrope (non-ideal solution)

353.15

T
@ 350.65
£ « fractional distillation leads to constant
g w boiling azeotrope in vapor
£ 34565
£ ~and (in pot after azeotrope boils off)
§ 34315
_é“ * (XA)initiaI > (XA)azeotrope pure A
8 34065 * (XA)initiaI . (XA)azeotrope pure B
Constant-boiling azeotrope
338.15 L 1 1 L
0. 02 04 0.6 08 1.0
Eassl Mole fraction benzene Benzete
.

http://www.solvent--recycling.com/azeotrope_1.html

30

15



Chemistry 163B, Winter 2020

Lectures 20-21 Multicomponent Phase Rule, Solution Behavior

fractional distillation

—= Patroleum (Below 40°C)

Fractionating
column or tower: === Kerosene (170%0 250°C)
ail

Crude oil

ail

Petroleum
(Crude oil} e —» Residual oil (Above 400°C)
{This on further fractionation
Furnace gives: Lubricating oil, Paraffin
wax and Asphalt)

of pi

http://home.att.net/~cat6al/images/fuels_06.gif

31
vapor diffusion crystal growth
H. 2O (vap)
crystallization from
St semi-saturated
protein
32

16
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Vapor Diffusion Crystal Growth

Coverslip with protein
'y solution (red)

I High - vacuum

grease

(_ Reservoir with
precipitant

http://science.nasa.gov/ssl/msad/pcg/#HARDWARE

33

Etnd of Lectuwe 20-21

34
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u"” =" for each component i

have proven 4!’ =u'" single component A

dG=—SdT +VdP + Y 11,dn;

dG =—SdT +VdP+

J

at equilibrium

dG,,=0=

for each componenti (2=2Vv
S udn® =0=> 3 (1 - g )dnl =0 =
i,0 i

WIRTE
i,0

dn” =—dn"

@ g+~ " phase
i i

i"" component

I

= u"| for each component

1

35

relative amounts of components in two-phase region

tomlm!

X benzene

apor solution overall  vapor
Vi
380 composition Xbenzene
. Nypor _ L
relative amount: —* = —son
D ution Lvap
375 tol+ben (vapor)
solution
composition
370 3 — nsolulion - LVSP
= N = Y > (L,;,=0) all vapor Mo Lo
35—
360 : N _ -
tol+ben (solution) : P (Looin=0) all solution  Mvamr__ Lon.
' D ution Lvap
355 : I
0.2 0.4 0.6 0.8 1 36

18
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Cd-Bi phase diagram (eutectic) Cd(s)+Bi(s)2liquid is straight line T=146°C

Atomic Percent Cadmium

‘°°° HJ 20 30 40 % [ ] 70 '10 20 100
w’ eutectid 1., (x/c,=0.55,T=146°C)= pic,(s, T=146°C)
(1'5=0.45,T=146°C)= iy, (s, T=146°C 2108
" Mg (X8 ; )= Mgi(s | A T>146C°
& (3] liquid + Cd(s)
g *7iig+ Bi(s) T=146C°
g Cd (s) +Bi (s
; 150 9 1460C e ( )Ti ( )
10 Cd-Bi (X¢4)=.55
e (Bi) (Cd)—=
%0 o Cd (s) +Bi (s)
o T<146C°
00 0 0 » 40 % 60 70 80 90 100 Cd (s +BI (s)
Bi Weight Percent Cadmium Cd
Mot "_ total
X 'ca Xl = 55 .

Cd-Bi phase diagram (eutectic) Cd(s)+Bi(s)2liquid is straight line T=146°C

Atomic Percent Cadmium
0 10 20 3 40 £ () 70 80 20 100
- v

ol eutectic pq,(x'c,=0.55T=146°C)= pc,(s, T=146°C)
i

(1'3=0.45,T=146°C)= (s, T=146°C] 21108°C
o (s (Xs ‘e B e T>~225°C
¢ 9 liquid + Cd(s)
£ *lig+ Bi(s) \ T=146°C (first liquid)
E Bi (s) remaining Bi(s
; 150 : e R 1460C ! e ( )T‘L ] ()
Bi(s) eutectic .
+=—(Bi) (Cd)—= Il of Cd, f Bi
" o () +Bi (5) all o some of Bi
00 0 0 » 40 % 60 ] 80 90 100 c T<146 SB
i Weight Perce C niur
B Xgldml _ .2 igh nl Cadmium | ( )
X" =8 ea "= 38

19
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Cd-Bi phase diagram (eutectic) Cd(s)+Bi(s)2liquid is straight line T=146°C

Alomic Percent Cadmium

0 o HJ 20 » 40 £ [ ] 70 “"f‘"" 20 100
m’ eutectic] oy (7 0g=0.55, I=T46"C)= fica(5, 1=146°C) |
(1'=0.45,T=146°C)= (s, T=146°C s2ui0ec
00 Hei(Xsi ‘e )= Hgi(s e/ T>=280°C
s © cyBi(x.)=8
¢ ligdid + Cd(s)
g 201 lig+ Bi(s) T=146°C (first liquid)
£ Cd (s) remaining Cd(s)
E wh— 146°C —f 2 o
eutectic Cd, .
- () Cd-Bi (Xoy)=.55
+=—(Bi) 9 (Cd)—~ all of Bi, some of Cd
% Cd (SP*Bi (s)
° T<146°C
° 10 20 30 n 50 0 0 80 90 100 o .
Bi Weight Percent C"’“”"“”Xmml cd Cd (S) +Bi (S)
ca =8
"xZCd "_, X;;)ital — .2 39

20



