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Simple Solubility Correlation for Solutions

€ Influence of temperature on solubility
c=A+Bt+Ct*+....

logx=A+BT
logx=A+BT +CT*
logx=A+BT™
logx=A+BT *+CT
logx=A+BT *+ClogT



Solubility expression for inorganic salts
(Electrolytes)

@ lonic equilibrium relation (Or Reaction Equilibrium)
aA+bB->cC+dD
Example) NaCl (S) > Na*+CI Chemical Potential

@ Condition for Equilibrium /
au, + by =Cu +dug

1,(T) =1 (T)+RT Iny;x,

——— Can be expressed in composition

7 (T) — lulcr)n (T) +RT In 7/imi Or molarity



Solubility expression for inorganic salts
(Electrolytes)

a, +bug =cu. +dug #4(T) = 14, (T) +RT Iny;m,

N

aﬂ2+bﬂg_cﬂc_d,UD RT'I’](}/C C) (7/D D)
(7ama)* (ygm B)

aAG!, +bAG}, —CAG). —dAG ?Dx

K; =exp( -

Standard free energy
Change of reaction

_ (7/Cmc)c(7/DmD)d
(7/AmA)a(7/BmB)b




Solubility expression for inorganic salts
(Electrolytes)

& For the case of salt in solution,
M(s) 2 aA(aq) + b B (aq)

_ (7/CmC)C(7/DmD)d

(7/M Xu ) > This value becomes 1

(Pure solid)
0 0 0
Ksp = exp( g )
Basis : formation of hypothetical
Ideal solution of 1 molarity at standard condition

Sp

Basis : formation of 1 mol of solid
at standard condition



Solubility expression for inorganic salts
(Electrolytes)

€ Solubility Product
M(s) 2 aA(aq) + b B (aq)

Ksp = (7/Cmc)c(7/DmD)d
aAG), +bAG), —AG, )
RT
Example) AI(OH); > APR* + 30H- Ky =1.1E-15
_ 3 _ ~15
Ko =(m . )(m_, )" =1.1x10
3M, o =M,

Al
-5
My on), =M, =8x107g/mol

K = exp(




Advanced Topics in Electrolyte Solutions

& Effect of K,

— Temperature
— Pressure

€ Activity Coefficients

— From thermodynamic models
» Debye-Huckel Model
» Guggenheim Model
 Pitzer Model
e Bromley Model
* Meissner Model



Difficulties in Electrolyte Solution

€ Existing activity model only applies to limited range
— Applicable only for dilute solution
— No model can effectively explain the behavior of dilute and
highly concentrated solution
@ For practical purposes, simple empirical correlations
are normally used ....

logx=A+BT

logx = A+ BT +CT?
logx=A+BT™
logx=A+BT *+CT?
logx=A+BT*+ClogT



Data Source

€ Solubility of Electrolytes and Nonelectrolytes

— J. M. Mullin, “Crystallization” , Butterworth-Heinemann
(1993)

€ Method for Electrolyte Solutions

— J. F. Zemattis, Jr., D. M. Clark, M. Rafal and N. C.
Scrivner , “Handbook of Aqueous Electrolyte Solution”,
AIChE (1986)



Solubility Expression for Organic Compounds
In Organic Solvents

€ |deal Solubility

— Solution (liguid phase) exhibit “ideal behavior”
» Fugacity of mixture is proportional to mole fraction (solubility)

o tquia (T4 Py X) = X, f3icia (T, P)

€ Nonideal solubility
— Solution exhibit non-ideal behavior

f2,|iquid (T,P,x) :Xz le,ollijgﬁid (T,P)



Solubility Expression for Organic Compounds
In Organic Solvents

€ Ideal Solubility Calculation Method
— Solution (liguid phase) exhibit “ideal behavior”
— Solid (crystal) iIs in a pure state

f2,pure solid (T’ P) =X, le,ollijcgﬁid (T’ P)

f2, pure solid (T ! P)

1:2, pure subcooled liquid (T’ P)

X, =

Solid = Liquid transition properties are important
Solid-> Liquid Transition can occur in any temperature



Solubility Expression for Organic Compounds
In Organic Solvents

€ Solid-Liquid transition

» This curve corresponds solid-liquid transition

/ . critical point
Solid /[

Super-critical (fluid) phase

Gas




Solubility Expression for Organic Compounds
In Organic Solvents

€ Solid-Liquid transition
— To calculate fugacity ratio of solid and liquid phase, two reference states are
normally used
o Triple point: T,
e Normal Melting Point : T,
— Because heat of fusion (H;) data are reported at those temperatures

€ Thermodynamic Cycles for calculating fugacity ratio (or chemical potential

changes)
Temperature 4 C
T;or T, b oo »
Operating : J
Temperature (T) a q

Solid Phase Liquid Phase



Solubility Expression for Organic Compounds
In Organic Solvents

Temperature 4
Tf Or Tt b ............................ »

()

Operating |
Temperature (T) a d
Solid Phase Liquid Phase
f,
RT In— AG =AH a—d _TASa—>d = AH a—b—c—d _TASa—>b—>c—>d

S

AH =AH, , + AH

a—sb—osc—ob b—c

Tt ~s T L
+AH = deT+AHf(Tf)+j CldT

T, Cs AH T CL
oe TAS 4 = d T+ Lol =2d
T T, T

AS =AS, , +AS

a—>h—-c—ob



Solubility Expression for Organic Compounds
In Organic Solvents

€ |deal Solubility equation

f2,solid =X, f2,|iquid

|
X, = 220 RT In % =AG,,, =AH _,-TAS ,

f2,quuid 1

AH . (T T T
RTInlz N | _AG, L +ACPIn f
X, RT, \T R (T R T

€ You can use T, or T; depending on H; data available



Solubility Expression for Organic Compounds
In Organic Solvents

€ Non-Ideal Solubility equation

fy soiia = X272 2 tiquia

AH (T T T
fz solid RT In L _ 2% 1 _AG, LI +ACP In—-
' 72X, RT T R\ T R T

VX, = f
2,liquid

€ How to calculate activity coefficient ?

— Solution models in molecular thermodynamics
Magules

Wilson

NRTL

UNIQUAC



Table 2.9 Empirical and Semitheoretical Equations for Correlating Liquid-Phase Activity Coefficients of Binary Pairs

Name

Equation for Species 1

Equation for Species 2

(1) Margules

(2) Margules (two-constant)

(3) van Laar (two-constant)

(4) Wilson (two-constant)

(5) NRTL (three-constant)

(6) UNIQUAC (two-constant)

log vi = Ax3

log v, = X%{le + 2—\‘1(221 - /le)]
Al

In N

[1+ (xlAlz)f'(szzi)]z

In y; = —In(x; + Apzxs)

A12 AZ[
+ Xz =
X ‘f‘A}?X-g J\,’2+A2|X1

X%leclz
(x2 +x,Gp)?

X%TEIG%I
(X +x2G21)2

G;; = exp(—a;;Ti;)

Invy, =

Vi . Z 0,
Inyi=lh—+%g In—
ot lr.lJC| Zq1 n‘lfl

i ’\If:,_ (f] - :‘_ifz) — {1 ll’l([’)l =} GETEI)

e ( 15, B T
4 0, + 60,75 6,+ 0,7,

log v, = Ax?t

log v, = x?l'[ZEI +2x,(A 1z — Zm}]
Asy

Iny, =

[1+ (x2A420)/(x1A12)]?
In Y2 = _ln(l‘z + j'kgl.\'|)

o Az B Az
! xip+ Apxs o+ Agixy

-'C%TEZOT?,

———rie —
X2 wht X1 0]3)"" (Xi + X,](Jg] }2

) —
X53T21 (12|

Ny, =
Ll

GU == CXP(_&r'jTI_;')

v, 7 )
Iny, =1In .A - %q; In\;
Fa .
F ‘l’l ({2 - r_d!|) B ll'l({'_)g = “‘]!p)
1
0 ( T 15
v 0, +6,T, 0, + 0,75




SLE for Solid Solution

218°
L
200 /,/
0 Liq :ﬂd/// /
£ 160 - %
8 e L solid
g L2 F=a
; e |
= 120 i
//
97.5° =]
80
100 mol%e 50 100 mol%
phenanthrene anthracene

€ Two Types of Phase Behavior
90
o 70 ,//
§ 50
3
" 30 *x\\ /,
b A 15°
11% = Eutectic b
ortho Composition para

(b) Eutectic-forming system of ortho- and parachloro-
nitrobenzene system suitable for melt crystallization

Molecular structures are different

Compaosition

(c) Solid-solution system suitable for fractional melt crystallization

Molecular structures are similar



SLE for Solid Solution

€ Basic Thermodynamic Framework

.I:il — fis
7§ =z 1
f.s - o
le: = 2.7y, v, = n Similar technique in 2.2 can be used

Required information

- Melting points

- Heat of fusion/melting

- Heat capacity of solid and liquid



SLE for Solid Solution — Rigorous Derivation

Y f T H
fi = €X '
iR T R

m;

f’f‘ H! — H? - AT AT — B
1, RT? T R, T )

sl .
. ACp, T T -1\,
Ili—— —
R T, T

T T T [3(C, —C5)
1 P Pl
= : : : AT dT dT
/Tfrr- RTE ‘/;“HJ' ‘/?:’H' |: HT }‘p : : (



SLE for Solid Solution

€ If | and Heat capacity changes are negligible,

:f_ls—exp AHiSI T_Tmij
ST RT, T

Xi7/iI =7V,



SLE for Solid Solution

& Case | : Solid Solution

Xi7/iI =7V, g

200 e el
il
X, = 4Ly, -:: L[q;'l(’i// V4
; 160 Pl 2
X, =7 § // // Solid
4 3 ]
2 272 £ 7T A
X, +X, =1 * ]
1 2 97.5° ! ol
Zl + 22 = 1 80
100 mol% 50 100 mol%
phenanthrene anthracene

Composition
(c} Solid-solution system suitable for fractional melt crystallization

_ v,(1-vy,)

X
Y, V¥, |

X, = 1-y,) v, Ef—ilzexp AH, (T _Tmi)
V=¥, f RT,J T



SLE for Solid Solution

€ Case Il : Immiscible Solid (Eutectic Forming)

Xi7/iI =77V,

90
[— =
o 70 v
X, =V, p
=
T 50
a
E
]
a 30 P~
~ 7
™~ _| /
~L/ 15°
Eutectic
10
AHlsl T _Tm 1 100% 100%
X — — eX ! ortho Composition para
1 W:I‘ p RT T {b) Eutectic-forming system of ortho- and parachloro-
m,1 nitrobenzene system suitable for melt crystallization

‘. - _eXpAH;' T-T,.,
2 = V2 RT,, | T



Types of Phase Diagram... How to interpret ?

€ Two component system

Solubility {to show anly the relative effect of temperature)

wC\O3

| | | 1 | | 1 |
o 10 20 30 40 B0 60 70 80 90 100

Temperature, °C

(a) Agueous systems suitable for solution A8 651 MgSO,-H,0
crystallization

Simple Behavior Complex Behavior



Types of Phase Diagram... How to interpret ?

@ Lever Rule

— Always applies to any kind of phase diagram

— Two simple rules

» Three points those satisfies material balance equation must lie on a
same line

» The amount of splits are proportional to the length of line in
opposite direction



Types of Phase Diagram... How to interpret ?

€ Example of Lever Rule : MgS0O4 System

@ Several structures can be produced for water-salt systems.
— Example ) Solid magnesium sulfate

MgSO4 anhydrous magnesium sulfate
MgS04-H20 magnesium sulfate monohydrate
MgSO4-6H20 magnesium sulfate hexahydrate
MgSO4.7H20 magnesium sulfate heptahydrate

MgSO4-12H20 magnesium sulfate dodecahydrate



Solution State
MgSO4 + H20

Composition of
Solutions

2004
190+ Solution+MgS0,-H,0 =
180
170 _
MgS0,-H,0
160 0. 87—
3l io
50."‘“ a : m
150 e
140 5
40 Solution+MgS0, | MgS0,-GH0 |
- ’ 6H,0 2 +MgS0,
Ll =
130} & N
120 k
s
wl  cool down |
100 Ap
a0 =
o
= T
B — £, \ =
- G \
< N\ & \
70 oy 1Y Ltk EMeS0THG o & MESDaTHO
7 I, olution+Mg50,-7H; : ::'_:’i S*'“J!SU. ]
»' \ =
60 o) (o Y ' -
" I' g LN . | E v
s [ 1w L | 2e
=2 ! [ \ 1
L o \ i \ B K
\ ! A ]
\ 7 = ,
\ ’ \ ,
~ ’I : // ]
C, . I =
Solutionf- E i
MeSO 0 T MgS0,- 12 H,0+MgS0, =
P h
20 [ ] | L | ! | | | !
0 005 0.10 0.15 0.20 025 0430 035 040 0.45 050 0.55 0.60

Weight fraction MgSO,

%l 6-5-1 MgSO,-H, 049 Ax

Composition of
Solid MgS0O4-7H20



|_ever Rule

€ Solution = (Cool down) = Solid + Solution

— Overall Material Balance Eqgn.

F=S+C
F : Feed
S : Solution
C : Crystal
— MgSO4 Balance

FX- = Sx +CX,
(S+C)x =Sx, +Cx,

C_ X=X

S Xo —Xg

C(kgcrystal) CD
S(kgsolution) DE

-
[
=
J
s
=
Tl MxS
=] "
e E’l E
2
=1
D
i
g) ;I“A%‘HHT;SM §| LF_EFE - TR LT
v v
X, X X,
\_Y_/\ J
Y

l Amount of solution (S)

Amount of crystal (C)



Lever Rule (XIZCH& 2l)

H

DL3ETH

solution crystal

o MEst THD
m
+

E |
=l |
v v v
v \ )
d R
J
Amount of solution (S)

l Amount of solution (S)

Amount of crystal (C)
Amount of crystal (C)



Three Component Systems

€ Construction of Ternary Diagram

@z\é&\&

O ATAT

JHIEIAN ENA VAN

eic: Ls AVAVAVA -
: WAVAVAY




Three Component Systems

€ How to read composition (M point)

eeeeeeee

A=40%
B=30%
C=30%

(A)




Three Component Systems

¥ Lever Rule

X+Y=Z

Or

hAANA L
INEENE N N

®) mass of mixture X  distance YZ
| mass of mixtureY distance XZ

@ T

y (X4} 0
0 02 04 06 o8 IO 0 02 04 0B 08 10
A scole — A scole ——

(©

Figure 4.19. Construction of equilateral triangular diagrams

Llt mmnlad fnncnnlan bl Il AbLma I TEr__ . 2 AN



Three Component System - (1) Solid Solutions

€ System : 0-, m-, p- nitrophenol
— A, B, C : Eutectic Points

P (114 °C)

B Av"/
-~
2
Solid
@  Composition

Temperature

M O a2 ' M
(459C) (315°C) (97°C)
(a) (b)



Three Component System — (2) Two Salts and Water

& Different Types of Phase Behavior
— No chemical reaction
— Formation of a solvate (hydrate)
— Formation of double salt
— Formation of hydrate double salt



Two salt and water — No chemical reaction

€ KNOS3 + NaNO3 + Water

€ No chemical reaction

€ No hydrate - -

€ They do not combine chemically w0

Isothermal evaporation T is fixed in this diagram

p KNQy+ NaNOa+ solution
KNOy X Ye

sme NI _— dinawam far the custem KNOr-N&NOs_HlO at 50:1

NaNOsa-




Two salt and water — Solvate formation

€ When one of solutes can form a compound (solvate, hydrate)
€ NaCl + NaSO4 + Water System
€ Legend : S(solution), H(hydrate, Na2S04.10H20), SO4 (Na2S04), Cl (NacCl)

H +S04+CL S+CL+¢50,

NaCt Na,S0, NaCl Na, SO,
(a) {b)

At 17.5 degree C At 25 degree C



Two salt and water — Double Compound Formation

€ When two dissolved solutes form double compound
— C :double salt

/ N
/Soin +4 Jn::‘\k \ Soln™®

| N8+
A P C 2 8 A P @ C B
(@) - (b)

/ % ¥ )
Soin+A4+C Soln +8+C

/ \ £

Stable in Water Decomposed by Water



Hydrated Double Salt

€ H : Hydrate
€ C : Hydrated Double Salt




Two Salt and Water — Solid Solution Formation

€ Water + Two electrolyte with common ion
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