


Ve

| High magni{‘ica’rion view of the

eutectic microstructure in a
\Nb (81.8%) - Si (18.2%) alloy

(Nb is the light phase, Nb;Si is
the dark phase).

Eutectic microstructure of a
Nb (81.8%) - Si (18.2%)
(atom percent) alloy: niobium
(light phase) dispersed in
Nb;Si (grey phase).
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e.g. most solder is 50:50 Pb/Sn;
heat to solid/liquid region; get solid
particles in slushy solder liquid



Phase Diagram If Two
Components Form 3¢ Compound

. Looks like two Eutectic Diagrams next to each other.

hew compound
melts
congruently

Two

A + AB Eutectic
Points

AB B
Compound Forms;

called line
compound



Formation of a molecular
compound (meta and p-cresol
system)

10 20 30 4 650 60 70 8 9 100
mole% of p-cresol

Diagrams with two eutectic points




+ This phase diagram shows an
incongruent melting point.
The vertical line at point 5
represents formation of a

: : ; compound. It looks like the
0 composition of the compound
; ) is Xg = 2/3, from which we
conclude,
10
0 ¥ 1 ¥ o= E= HE‘ — 2
B T3 p 4+Hs 1 +2

P EEETUN

, So that the compound is AB,. Point 5 is the melting point of AB,, but notice
that melting AB, does not give liquid of the same composition. Rather, melting
of AB, gives liquid with the composition at point 3 and pure B(s). So the
compound, AB, , melts and decomposes at the same time. An analysis of the

= points and regions is:

1=liquid 2=MPof A 3= the peritectic point (we don't get a eutectic of

AB, and B) 4 = MP of B 5 = the incongruent melting point of AB, 6 = eutectic of
A and AB, 7 = liquid + B(s) 8 = A(s) and liquid 9 = liquid and AB,(s) 10 = A(s) +
AB,(s) 11 = AB,(s) + B(s)
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what kind of experimental data it takes to determine the phase
S5 diagram of a fwo-component system.
One such data set comes from cooling curves.
% To make a cooling curve you start with liquid at some composition.
%= . Then you allow it to cool slowly and measure the temperature as a

very slow. Nevertheless, you would like to be as close to equilibrium
%%, 2\ as you can be.)
@R T
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| On this cooling curve we have a break (change in slope) at the point
where A(s) begins to precipitate out. The system cools slower at
.i?,,f‘v the break because A(s) is crystalizing (freezing) out and the heat
5l of fusion being released in this process must be dissipated in
] addition to the heat removed in simply lowering the temperature.
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eutectic halt
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| The next cooling curve will be at the composition of the
% eutectic. Nothing happens until we reach the melting
Bl point of the eutectic, at which point the temperature
| remains constant until all of the material has solidified



Solid solutions

Due to isomorphous substitution of host
molecules by molecules of impurities

Similarity in size and shape between
host and guest molecules essential for
the formation of solid solutions

Host molecules are usually replaced
more easily by smaller than from larger
molecules



Three groups of phase diagrams

Complete miscibility of the solid phase,
termed as solid solution. Besides
practically ideal solid and liquid
solutions, systems showing melting
temperatures higher or lower than the
highest or lowest melting temperatures
of the pure compounds

+ Limited miscibilities in the solid phase.
Appearance of eutectic. Impurities in
general have a limited solubility, even
when quite different in nature and
shape from crystals. Difficult to have
purities > 99.999% in a single step.




Complete immiscibility in the solid
phase. Crystals of pure component A or
pure component B are formed.

More than 50% of relevant systems
appear to be of the eutectic type

A system is called eutectic in literature
when no significant solid solubility has
been measured in the past.

Knowledge of the solid- liquid
equilibrium essential for making
preliminary estimate of the feasibility
of crystallization.

With a eutectic, purification of a
compound A is possible when the feed
contains a larger concentration of A
than the eutectic composition



» High purity may be obtained in a single
crystallization when no solid solution
formation is encountered

* The purification potential of melt
crystallization is usually indicated by
the ratio of the impurity contents of
thee crystal phase and the liquid phase.

- The ratio is called: Distribution
Coefficient




Solution thermodynamics.1

% ' Saturation is the state in which solution is in
gy equilibrium with solid solute.
;.r'om the thermodynamics point of view

A id= Vclle + V
‘H1solid = Misolution Hisolid cHc oMo

QL

ui(M = (M+RTIno; "7,



Solution Thermodynamics 2
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Electrolyte solutions

In dilute solutions there are only hydrated
ions (surrounded by an ionic cloud of
oppositely charged ions)

In more concentrated solutions ion pairs are
forming, because of the interpenetration of
the ionic spheres of the ions

Ion pairs are dipoles with zero net charge

Further increase of electrolyte concentration
leads to the formation of additional species
because of the interaction of ions (ion pairs)

" and with the solvent molecules

Increase of the electrolyte concentration
decreases the dielectric constant of water
and thus it affects the value of the activity
coefficients



Solution pH ()

1 ] 1 ] 1 ] ] 1 ]
0.28 0.30 0.32 0.34 0.36

Solubility ¢, (mol/dm?)

Na,C,0,” = 2Nat +C,0,*
C,0,”” +H' = HC,0,; log B, = 4.26
HC,0,” +H" =H,C,0,"; logB, =1.25
Nat +OH~ = NaOH"



Formation of hydroxo and other
complexes

[M(H,0)]"* +L~ — [M(H,0);L]""* +H,0
IM(H,0);L|" " +L~ — [M(H,0),L,|"?* +H,0

B — ML, |
! [NILH— l ][L]
ML, = M"" +nL"~ K,=[M""][L]"

;8] }BE}“”}B;:—] }Bn
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B8 1, mean ionic coefficient taking into account
&7 dissociation

{ v activity coefficient of non dissociated
molecules

| m: overall molality of the solution

! K. equilibrium dissociation constant
\



Considering the solvent

- Osmotic coefficient

,, 1000
P = —

i ST\ vinM |
wrl .:_}’i\ \ t‘i ‘

Ina,

The belm‘ionship between osmotic coefficient of the
i solution and the activity coefficient of the dissolved
substance, from the Gibbs-Duhem equation is

\

1, )dIn nys .=@—1+4 —1)d|
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Similarly, for the solvent
dlna, ~ H,-H]
aT )" RT?

For the osmotic coefficient

A A, —HY] 1000
aT)"™ RT* wvmM,




O The chemical potential is independent on concentration

at‘= {cht,¢}¥=ﬂ11r
u::rlr=(QJ.:}'j,mw)*’=.,r:;‘;:”Ir
m E(Qm}'i.m}'=a:&.m

1 \ T S
wl=pu’ —RTInp,
1% =p® + RTIn55.51

and

Yi.c=V2 m(1+0.00ImM)(p,/p)
Yi,x=Vs mll +mv/5551)




Activity and osmotic coefficients in
supersaturated solutions

These solutions are
thermodynamically unstable, we have
to rely on theoretical estimates

Tonic strength: I=0.5c,z;
For a bihary solution: I=0.5|z,z. | vc

For low ionic strength theoreftical
evaluations
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logy.=—Alz,z_1/1/(01+/1)
the expanded Debye—Hiickel relationship

logy,=—A|z,z_|/I/(1 +aB./T)
where a represents an effective ionic radius




Cation

H*
Li*
Na*
K+
Rb*
NH/}
m*
Ag*
Be?*
Mgn
Ca’*
Sr!l»
Ba®*
Mn?*
Fez+
COI+
Ni?*
Cu?*
Zn?*
Cdl-l-
Pb!i-
Cri*
Al
Th“'

{z,z_|

B,

logy,y = —0.511

Anion

F-
Cl-

Br-

|-

Cloy
clo,
BrD_,'

10,
NO;
H,PO,
H,AsO,
CNS-
OH"
Ccrol-
SO!”

S, 0"
&wo*
H.J*.s()2 -
co;‘
rpOl-
Aso"
Fea:N}“
Fe(CN), ~
Mo(CN);~

i

B_

0.0295
0.0643
0.0741
0.089
0.005
0.002
-0.032
-0.04
—-0.025
—0.052
-0.03
0.071
0.076
0.019
0
0.019
—0.01
0.021
0.028
0.024
0038
0.065
0.054
0.056

(0.06+ 0. GB,}I Bl

&

~0.093
-0.067
0.064
0.196
0.45
0.79
0.14
Q
0.27
0.20
0.05
0.16
—1.0
—0.33
—0.40
—0.70
—0.57
—0.67
—0.67
—0.07
- (.78
0
0
0

l+\/_ T+ 15112,z 1V z,2.]

BI=B+1+B_+5+6_

.......



0—1=—-2303x0.511)z,z_|[1+/T-1/(1+/D)=2In (1 + /DI
4+2.303(0.06 +0.6B, )iz z_|[(1 +2rT)/(1 4 r? —In(1+2D)/rl/r
+2.303B,1/2 (2.54)

hcre r=1.5lz,z_| and B, is again determined by eq. B,=B, +B_+4,4_
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Multicomponent systems

5 1. The LieTike-S‘rough‘ron (LS) Method: For the calculation of
. activity coefficients of a compound in electrolyte mixtures

containing a common ion (the system may be asymmetric as well
e.g. BaCl,- NaCl

Y+i0: mean activity coefficent of the ith component of the mixture

v % 0. Y9 0 : mean activity coefficent of the ith and jth components
in a binary solution in which the ionic strength is equal to the ionic
strength of the mixture and ¥Y;=I;/I where I; is the ionic strength
due to the presence of compound j and I the overall ionic strength
of the medium

W



' --»,\;Smo’ric coefficient of the solution containing
- nelectrolytes is:

LE A
- % y Y
P= L Vi@l L VM,

j=1 j=1

0 7 the osmotic coefficient of the binary system
ieontaining the jth electrolyte whose ionic
trength equals that of the mixture

\

in; the molal concentration of the jth electrolyte



2. The Reilly-Wood-Robinson
Method

» Binary solutions for all possible
combinations that may arise due to
combinations of the ions present in the
system and an ionic strength equal to
that of the multicomponent system

* For concentrated solutions it is
necessary to know the parameters
describing interactions among the
components within the solution

* For systems in which a component is
present in trace concentrations
relations are simplified




. The MX-NY-H,0 system
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2. The Reilly-Wood-Robinson
Method

» Binary solutions for all possible
combinations that may arise due to
combinations of the ions present in the
system and an ionic strength equal to
that of the multicomponent system

* For concentrated solutions it is
necessary to know the parameters
describing interactions among the
components within the solution

* For systems in which a component is
present in trace concentrations
relations are simplified
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1855-1922
Prof. in Karlsruhe

Physisist, Crystallographer

Achievements

first heatable
microscope (1875)
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Applications and methods
Crystallization from the melt

Monotropism and
enantiotropism

Liquid crystals

Plastic crystals

Phase diagrams

O. Lehmann. Molekularphysik, W_Engelmann, Leipzig, 1888.
O. Lehmann. Die Kristalfanalyse, W_Engelmann, Leipzig, 1891
O. Lehmann. Das Knstalflisationsmikroskop, Viehweg, Brunswick 1910
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Melt CrySTG”iZGTiOn

e Melt Crystallization is the common term applied
to the controlled cooling crystallization and
separation of systems with the objective of
producing one or more of the components in
relatively pure form.

Mullin 2001

e Separation of components of a binary
mixture without addition of solvent
Chemical Engineers Handbook - Perry and Green (1999)
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MELT

Liguid above the Tgys (< Tigp) Melting curve

Evaporation curve

MELTING POINT (T:..)

Temperature where a solid substance
passes into the liguid state

Equilibrium between the solid and the
liguid phase

LIQUID

pressure (p)

Melting temperature
Melting range

SUPERCOOLED MELT

Liguid below the T, but above the
glass transition Temperature (7;)

3 Triple point

GAS

Temperature (7)
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N Why melt crystallization??

3 N

Scientific perspective

Educational aspects (microscope)

| |

Indusfr'lal perspective (purification, separ'ahon)

No solvent used (solvent recovery, costs, energy)
Produces high degree of purity (> 99.9%)

Total energy requirement low compared to other
separation techniques

Small volume compared to solution

No gas phase, closed vessels, higher safety

Generation of polymorphs /access to new metastable forms
Co-crystallization

Single crystals



Acrylic acid

Phenol

Acetic acid
Benzene

P-Xylene
p-Dichlorobenzene
p-Chloronitrobenzene
Caprolactam
Benzoic acid
Naphtalene
Pyridine

I(“.'.

If high purity desired
m.p. range - 50 to 200 (300)°C
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Complete solubility- solid solutions
Partial solubility

Formation of eutectic mixtures
Completely immiscible components
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Melting points of organic

= \ compounds

=l Beilstein 2009/01
= n=10.8 - 10¢

1,400,000

1,000,000 -
A -
,/2 600,000 -
: 200,000 -
7 :

n=46 - 10°

¢ - {8y ) w2 o N e
& . . inT N ol )
L lal AR N L/l N >y B

P

About 3/4 of all compounds melt below 200 °C (-50 -200 °C)

L



Drug compounds (PhEur 5, n = 961)  Agrochemicals

n=686

Compounds with knownmp n - 811 (84%)

+ 90%

Incidence of

polymorphs

N
(=}
o

- 40%

-
24
o

- 30%

Incidence of

100 1 polymorphs |

20%

Number of compounds

- 10%
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e Melting point ranges [°C] Melting point ranges [°C]

Braun D. & Griesser UJ - unpublished Tischler, M. & Griesser UJ - unpublished
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Eutectic mixture

Two component system (binary) - two substances are mixed

Phase diagram

liquid
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N Eutectic system
-
Two component system (binary) - two substances are mixed
3
| Phase diagram
g liquid
i o - '
- |
: il N Yl VW)
| 5
A+ lig. B + liq.

o : - Eutectic
‘- temperature
| | AetBe
. A Composition (%) B




Temperature,°C

Naphthalene-Benzene System

Solution
=
solid C_Hy

—— —— ———— . — —

Solidus

Solution +

solid CgHg

40 60 80
~Mass per cent naphthalene

v

™~ ‘v b4

b 3

a7\
P

mass of solid Ci1gHgy z72
mass of solution A

Cooling and evaporation

.......



Phase diagr'am
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Solution

Temperature,°C
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Figure 4.5. Phase diagram for the system Mn(NOj3),~H-O




Solid solution (mixed crystal)




