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le menu

» phase rule for multicomponent systems

> solid A-solid B phase diagram

> ideal solutions

» solution-vapor phase diagrams

» fractional distillation and vapor diffusion crystal growth

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 phase rule f=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]

(a)

sef 1™ then p™ =y = uP  (p-1restrictions for each component)

¢ p—1) toral restrictions for c components
» f=total variables — total restrictions
TP X@  p@=p® ..

L f=2+(ct)p -c(p-) 2+ c-p| ‘

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

p=1atm
« f=2+cp Pl
* c¢=2 (Bi, Cd) -
« f=4-p o L
+ setP=1atm T liquid ~
* Fomaining=3-P liq+ Bi(S) Ilqulf: Cd(s)
+ variables: 5
T. X'cqin liquid - Cd (s) +Bi (s) -

Listen up!!!

UNDERSTAND THE FOLLOWING DISCUSSION
OF THE PHASE RULE AND THIS
BINARY COMPONENT PHASE

DIAGRAM
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.

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

f=_22+c—p liquid,
c= p=1, f=2
f=4-p T, %'cq Can vary
set P=1atm e
fremammgzs'p
¥anfbles: solid < 146° C,
»Xcd
e p=2, f=1
- (5) +Bi (=) “ T can vary
| ) note: Cd(s)
. © 7 % andBi(s)are
"Yea "— pure solids,

m.p. of pure Bi= 271.4°C
m.p. of pure Cd= 321.1°C

not solution (alloy),
Aor=1 Aa=1
7

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

Tremaining=3-P
variables: T, x/cq

T <280°C
liquid + Cd(s),
p=2, f=1
only Tor%'s4 can independently
N vary (i.e. T and y/.4 covary)
e
ot 4] cd(s)

T just appears

+ total mole fraction Cd

iquid +

i+ Bi(s) M

lower Ty, fixed

T
'
. |
- d
! + T=340°C [liquid Xc O=Xc =]
+ T=280°C [liquid +Cd(s) begins to appear]
+ T=250°C [Xc4f decreases, as more Cd(s) ]
+ T=185 °C [Xc4 P decreases, more Cd(s) ]

8

hase rule and Cd-Bi phase diagram (eutectic,

cd(s)

Cd (s) +Bi (s)

L n
Xca —

eutectic=constant freezing composition (mixture)

just appears

fremaming=3'p

liquid +Cd(s) + Bi(s)
p=3, f=0
Tand y'y
fixed
T=146°C,
X'ca=0.55
=0.39 wt%

not all solid-solid mixtures form eutectics

NaAISi;05 + CaAl,Si,0q Cu + Ni
s ==
1600 ""‘h‘ll
'
- Q K ey

[}

Tempatios (03
[ ——

a7

Ideal Solutions

= In solutions of A and B, there

are A-B interactions as well.
" AHpi0= 0 Q DG O

Molecular Basis for Ideal Sol’ns.

@@
ODAO

= In pure liquid A, there are
only A-A interactions.

= In pure liquid B, there are
only B-B interactions.

means that all three
interactions are of equal
strength.

hitp:/iciassweb.gmu.edulsdavisichem331/engel9x.ppt 12
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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: V) = X‘j ) p:_ vapor pressure of pure A

Pé” = X;”pé.-vapor pressure of pure B
P =B <P =X P+ XPB,
:Xi”P: '(1*4"‘,”)}1

=xy (P; P )+ P < jinear Potar VS X5

correction PV = gOp
for non-ideality P ‘ . !

activity ideal af” =X{"

HW#7 prob 55 |  |mon—ideal a” =y{"X{" 13

lig <> vap Eq. in Binary Mixtures

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

= X4, Xp are the mole fractions
in the liquid.

* y, Y are the mole fractions
in the vapor.

= DA, Dp are the partial
pressures in the vapor.

http: gmu. 1331/engel9x.ppt

benzene-toluene, quite ideal (similar to Fig 9.2 E&R4th) !!

Pou=X{(Pi-P;)+ Py

Benzene and Toluene

P benzene
4

100

Vapor pressure (mm Hg)

(] 020 040 0.60 080
1.00 050 060 040 020

1C-Watts/dlLecture_Notes/Lecture16.%201 pf

Ethyl Acetate/Acetic Anhydride

p /torr

(4 torr) \

moscmsengrosssavsirenieroonn  Xethyl acetate

X 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 X9 vs XV assuming vapor is ideal gas

. RT
Py =P+ Py=nl —

¥
AT

RT
P = B, =u BT
A=M B =N
)

P, (v A
L=—de=X" and o =X3
" : n

ront Mot raa Meomt

o
L

. A
=

P, =X{P. o P =y X{P
P, _XVF
wi Fost

X = (E&R'sy,)

HW#7 probs 50, 55 use E&R’s v,
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how does u ¥ relate to X (9 ? (7" =1 for ideal gas; yl‘f' =1 for ideal solution)

, o =
49 = y™ for each component i in mixture l

BT PX D)= g (T)+ RT In(y P (T) 11bar)

fi

HOWPX )= @)+ RT In(7"P T 160r) + RT In(7,7X®)

P(\-) - r’(fi‘x—'“)};:-(\-l

4T P
chemical potential of pure component i

A PX)= (P4 RT In(70X10)

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

MNP XY= TP+ RT In(X[?) ided soiny " =1

solution 2 vapor components in equilibrium at T

HOUT,PX[) = y(T,P.X[")
pure liquid 2 pure vapor components in equilibrium at T
EOT B = 7B

we get

TP XY= 2 (T) + RT in(X")  ideal solution

HOT,P,X") = i (T)+ RT In(y"X|") corrected for
" nonideality
i
20

19
from: HEM1638/HANDOUTS/ideal_soln_thermo.pdf me
Handout #50
1A 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=3%nF
Il The enthalpy of mixing is zero: ~ AH_ =0
Hll.  The free energy of mixing is:  AG,, =3 »,RTIn X
g
AH,. -AG, -
IV. The entropy of mixing is: ~ AS, =T‘ = -z nRln X
¥
21

Listen up!!!

UNDERSTAND THE FOLLOWING DISCUSSION
OF THE PHASE RULE AND THIS
BINARY COMPONENT PHASE

DIAGRAM

happiness

22

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

: toluene (b.p.=383.78) + benzene (b.p.=353.25)
vapor composition

tol+ben (vapor)
[fromaining=2]

solution composition
tol+ben (solution)
[fremaining=2]

0 02 04 06 08 1

23

fractional distillation [’ Tpp VS (Xbenzene)*2Mto"]

vaper pressure of benzene at T

vapor pressure of toluene at T

see handout #51)

24
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fractional distillation [T}, vS (Xyenzene) ?P°']

en

Yot Pons

, wpr _ Prooew
T, (X2,) Xee = -

[ae

Kol = X B T5)

&3m0 . aren
5 since B, =lam ar T,
365 ' from eguations on previous slide
360
£
0 02 04 086 08 1

X ponsens

25

two-phase region (P=1 atm) TOLUENE + BENZENE (£ 22 v)

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

> total
X[ =0.65
toluene (b.p.=383.78) + benzene (b.p.=353.25)
=0.65 at T=35TK

e asolution of X|?
isa liquid

vapor
composition

that boils at ~362K (P_,=1atm)

tol+ben (vapor)
[fromaining=2]

at T~362K the soluton isin
equilibrium with vapor X{!\ =.83

solution
composition

© if the sy stem is maintained
atP__ =1atm and T is raised
to 365K, liquid will evaporate

tol+ben (solution) * until X{? =0.53 and X{, =0.74
355 [fromaining=2]
e abowe T=369.8K the system isall
o o2 o4 m“"’ o8 ! vapor with X{), =0.65
® liquid
© vapor
X total 27

at 365K a mixture of total X,=.70
380 will be a liquid X¢,=.55 in equilibrium
o, with vapor X¥,=.76
375 & -
%, @ liquid
> O vapor
[ Jpro F total
iE
365
1
1
1
360 H
1
1
1
355 '
1
1
0 0.2
26
fractional distillation
r 5
etc!!

]

i Ty x{7-x{

P

----- T, x(0-x0”

_____ T,

hitp:/iwww.wpbschoolhouse btinternet.co.uk/page12/gifs/FracDistRed.gif

28

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
Xoenzene™1
375 V. efc, ...
1V. . evaporate
a0 v
o / A - vapor X¥penzene =88
65 > IIL. . condense X, oo =.72
1
I « Tp,=359.5
360 A%
11. « vapor X¥penzene =72
355 L. .start with 50-50 mixture
0 0z 04 08 08 1 +Tep ~ 366
X penzene bottom of column (warmer)

29

azeotrope (non-ideal solution)

« fractional distillation leads to constant
boiling azeotrope in vapor

«and (in pot after azeotrope boils off)
* (Xn)iniial > (Xa)azeotrope PUrE A
* (Xaaitar < (Xa)azeotrope PUIE B

Boiing temperaturs st 750 tor (K}

Tas oa 0

Eebanst Molefraction benzene Bensene

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

30
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fractional distillation

— Petraleum (Below 40°C)
pas

Gasoline (409%0 170°€)
Petrol)
Fraciionating

colmmn or tower. Kerosens (170%0 250°C)
ol

Diesel (260%10 350°C)
ol
Fuel (380% 400°C)

Patroloum

(Cruds oil) —+ Residusl oil {Above 409°)
(This on further fract

ves: Lubricating of
' and Rphait)

Fractionsl distilation of petrolewn.

http://home.att.net/~cat6alimages/fuels_06.gif 31

vapor diffusion crystal growth

H,0 (vap)

conc KCU

protein

Vapor Diffusion Crystal Growth

Coversip win prosen
¥ sciieon (reg)

[

Rosoror wth
e

> Protein .
;c%:ﬁcm@wg?

&_‘

http:/science.nasa.gov/ssl/msad/pcg/fHARDWARE

33
y7s 1" forea
haveproven 4’ =u{" single component A

dG=—SdT +VdP+ ¥ udn,
7

dG=-SdT +VdP + P dn® « " phase
7" Tt component

at equilibrium
dG”_‘ =0= Z'“(md",(m
e

for each componenti (=2V  dn!” =-dn'”

Zl"fmd".ml =0= Z(l".m _ﬂlgvl)dn::l 0=

i@ i

‘or each component

1

35

32
End of Lectuwe 20-21
34
relative amounts of components in two-phase region
solution overall  vapor
380 Sompositon Xoenzene
relative amount: Do Loy
Douien Lnr
375 tol+ben (vapor)
soliton
compositon
L
DB?O | . N 1> (L,,=0) all vapor Dusuton 5 —vap
] vapor Lxml
W —
RN D PRI U Lvap
30 Nt _ on T L
tol+ben (solution) P (Lso=0) all solution Zerx ’ﬁﬁ
‘r Meshom vy
386 t
0 02 04 06 08 1 36
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Cd-Bi phase diagram (eutectic) Cd(s)+Bi(s) 2liquid is straightline T=146°C

reent Cadmiu

Bea(X/ca=0.55,T=146°C)= p (s, T=146°C)
/5=0.45,T=146°C)= py (s, T=146°C

Hii(X s )= (s To146C°
Cd-Bi (Xcq)=.55

s eutectid

liquid + Cd(s)
T=146C°
Cd (s) +Bi (s)
(2]

— 46°C 1
Cd-Bi (Xog)=.55
(Cd)——t
“ Cd (s) +Bi (s)
T<146C°
dg—hgg—a—a—i—s. @ Cd(s)Bis)
B Weight Percent Cadmium cd
"xlCd "—P \-mm} = 55
X =03 37

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

eutecti I (' ca=0.55, 1=146°CJ= i 5, T=146°CJ |
Hgi(X'5=0.45,T=146°C)= py (s, T=146°C)

08¢
T>=280°C
©-Ca-8i (x0=8

T=146°C (first liquid)

lig+ Bi(s)
. 146°C ~ Cd (S)Trlemar'nfng Cd(s)
eutectic @é} Cd-Bi (Xcy)=.55
fq(1) (ca)— all of Bi, some of Cd
¥ 0 2 » - * » "~ [ T<146°C
B Weight Percent Cadmium,_ o mo Cd (s) +Bi (s)
e 8

xge =2 2

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

Atomic Percent Cadmium
» 0 n » 100

o 4

eutectic pcy(x'cq=0.55,T=146°C)= pe,(s, T=146°C)
((5=0.45T=146°C)= (5, T=146°C e
[ )= (s ] T>=225°C
M Cd-Bi (Xcq)=-2

liquid + Cd(s)
T=146°C (first liquid)
£, . Bi (s) remaining Bi(s)
oo = 146°C (2]
L eutectic Cd-Bi (X )_ 45
L. - Bi)=-
f=—(Bi) (cd)—~ all of Cd, some of Bi
“ Cd (s) +Bi(s)
L " » a0 ® “© L] » » 0o T<146°C
" Weight Percent Codmium ca o Cd (s) +Bi (s)

Bi - rorel
xXgd =2

Ylca "=
38

Xgd =8




