
HHeterogeneterogeneouseous Phase Phase EquilibriaEquilibria

Equilibrium
• Thermal - T same in the whole system

• Mechanical - p same in the whole system

• Chemical - amount of substance of individual 
components is constant, dG = 0, chemical potentials
of all components in all phases are the same

Condition of phase coexistence : 
Phases have the same G
Transition between phases ΔG = 0
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Chemical potential = changes in G caused by changing 
composition ni

Differences in chemical potential lead to chemical
reactions, diffusion,….

Chemical potential of every component in all coexisting
phases is the SAME.



GibbsGibbs' ' PPhase hase RRuleule

Phase (P) = homogeneous part of a system separated by a physical 
interface where the properties and structure change discontinuously, 
states of matter (s, l, g), modifications (Ice I - XII, He I and II)

P = 1:   mixture of gases, solution
P = 2: liquid + sat. g, sat. solution + solid
P = 3: liquid + sat. g + sat. solution + solid

Component (C) = chemically independent constituents of the system
C = the minimum number of independent species necessary to define the 
composition of all phases of the system,  CaCO3, CO2, CaO

Degrees of freedom (F) = intensive variables p, T, c
F = the number of intensive variables which are independent of each 
other, can change without changing P



GibbsGibbs' ' PPhase hase RRuleule
• Each phase requires C-1 data on composition (molar

fractions xi) plus T and p to define its state, 
total  P(C-1) + 2 state variables

• Each component follows P-1 equilibrium conditions
μ(α) = μ(β) equal chemical potentials of a component 
in P phases
total C(P-1) conditions

• Number of degrees of freedom is number of 
variables minus number of conditions
F = P(C-1) + 2 - C(P-1)

• F = C - P + 2



GibbsGibbs' ' PPhase hase RRuleule

J. Willard Gibbs
(1839-1903)

P + F = C + 2

Number of phases (P)
Degrees of freedom (F)
Number of components (C)

For C = 1
P = 1   F = 2 plane
P = 2 F = 1 line
P = 3 F = 0 triple point



PhasePhase DDiagramiagramss

Phase diagram = graphic information about the state of 
a system

Variables – p, T, C – 1 data on composition
(for more than 1 component in the system, the 
corresponding phase diagram  is more than 3-
dimensional)

Cuts thru a phase diagram – some variables kept
constant:

p = const. isobaric diagram
T = const. isothermic diagram
c = const. isoconcentration diagram



pp--T T PhasePhase DiagramDiagram
for Onefor One--ComponentComponent SystemSystem
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P + F = C + 2Melting
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For C = 1
P = 1   F = 2 plane
P = 2 F = 1 line
P = 3 F = 0 triple point



H2O Phase Diagram



ClausiusClausius--ClapeyronClapeyron EquationEquation
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for l-g equilibrium – boiling:
1) Vm(g) >> Vm(l),    than ∆Vm = Vm(g)  
2) Vm(g) from state eq. of id. gas
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Water Vapor TensionWater Vapor Tension

H2O(l) H2O(g)            ΔH0
výp = 40.66 kJ mol-1

Kp = PH2O

Clausius-Clapeyron eq.
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van’t Hoff eq.

H2O(g)
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Pvar = 1 atm
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COCO22 PhasePhase DiagramDiagram

Sublimation
at p = 1 bar

Dry Ice



HeHe PhasePhase DiagramDiagram

He cannot be 
solidified at normal
atmospheric pressure

He does not have
triple point of
g-l-s phase 
coexistence



TwoTwo--Component Component PhasePhase DiagramDiagram

l

g
C = 2, P + F = 4
F = 4 – P
Minimum one phase present
P = 1

Fmax = 3 (T, p, x)
3-dimensional diagram

F = 2
Isothermal T = const.
p is a function of x

Isobaric: p = const.
T is a function of x

Isobaric: p = const.
P + F = C + 2

xA

xB
1 0



Mixture of Two LiquidsMixture of Two Liquids
Ideal mixture of 2 liquids:  
vdW interactions A-A, B-B and A-B
are similar
e.g. hexane-heptane
Chemically similar compounds
ΔHsol = 0 ΔVsol = 0 

Nonideal mixture:  
vdW interactions A-A, B-B are 
different (stronger or weaker) 
then A-B

ΔHsol ≠ 0 ΔVsol ≠ 0 



EquilibriumEquilibrium l l ↔↔ gg inin a MMixtureixture ofof 2 2 LLiquidsiquids

• Both phases 
are mixtures of A and B.

• y A, y B molar fractions in g
• p A, p B partial press. in g

• x A, x B molar fractions in l



0.2 0.4 0.6 0.8

P

acetone

XA

P

0.2 0.4 0.6 0.8

toluene

XB

More volatile component
= higher vapor pressure
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Vapor Pressure and Liquid Phase Composition

Raoult pB= xB pB
0

A mixture of 2 liquids: acetone and toluene
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TwoTwo--Component Component PhasePhase DiagramDiagram

Vapor pressure
as a function of
liquid phase 
composition Vapor

pressure as 
a function of
gas phase 
composition

Molar Fraction xA

Pacetone + Ptoluene = Ptot

Isothermal: 
T = const.



DestilDestilllaationtion atat T = coT = constnst. . 
by Decreasing Pressureby Decreasing Pressure

Molar Fraction xA
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TwoTwo--Component Component PhasePhase DiagramDiagram

Isobaric: p = const. Isothermal: T = const.

More volatile component
= higher vapor pressure = lower boiling point

Boiling Point Vapor Pressure

Molar Fraction Molar Fraction
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DestilDestilllaationtion atat p = cop = constnst. . 
by Increasing Temperatureby Increasing Temperature TT

Isobaric: p = const.

Boiling point
as a function 
of liquid
phase 
composition

Gas Phase 
Composition

Overheated vapor

Liquid

Boiling Pont of B

Boiling Pont of A

Molar Fraction xA
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Fractional distillation
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Vapor Pressure inVapor Pressure in EthylEthylesterester of Acetic Acid of Acetic Acid 
andand AceticAcetic AnhydrideAnhydride
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Total Vapor Pressure inTotal Vapor Pressure in EthylEthylesterester of Acetic of Acetic 
Acid andAcid and AceticAcetic AnhydrideAnhydride
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nn--Pentane and MethylPentane and Methylesterester of Acetic Acidof Acetic Acid
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AzeotropicAzeotropic Mixture withMixture with MMin. Tin. Tboilboil ((MMaxax. p). p)
Ethanol – Water

Boiling Point

Molar Fraction xA

Positive deviations from Raoult’s 
law A and B interactions weaker
than A-A and B-B, a mixture 
evaporates more easily than 
pure components
Endothermal dissolution



AzeotropicAzeotropic Mixture withMixture with MMin. Tin. Tboilboil ((MMaxax. p). p)

Ethanol – Water
w = 95.6% x = 0.895

Positive deviations from Raoult’s 
law A and B interactions weaker
than A-A and B-B, a mixture 
evaporates more easily than 
pure components
Endothermal dissolution

Mass %

Fractional distillation provides ethanol 
with max. 95.6% in distillate and pure 
water as a residue

Boiling Point
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AzeotropicAzeotropic Mixture with MMixture with Maxax. T. Tboilboil ((MMin. p)in. p)

HCl – Water
108.584 °C 
20.222 % HCl

Molar Fraction HCl

Negative deviations from 
Raoult’s law, A and B 
interactions stronger than
A-A and B-B
Exothermal dissolution

Fractional distillation
provides pure water in 
distillate and azeotropic
HCl 20.2% as a residue

Boiling Point
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Two Components Miscible Both inTwo Components Miscible Both in (l) (l) andand (s)(s)
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Isobaric: p = const.
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Solid Alloy Cu-Ni

Liquid Alloy Cu-Ni



Solidification Curves ofSolidification Curves of CuCu--NiNi AlloyAlloy

Equilibrium Phase Diagram - Cu-Ni
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Mass ratio of liquid and solid phase



Two Components Miscible in Two Components Miscible in (l) (l) 
and Immiscible inand Immiscible in (s)(s)

Eutectic
At eutectic composition, the 
mixture melts at the lowest 
temperature directly to a liquid

Pb-Sn solder (Pb 38%) melts 
at 183 °C
tin 232 °C and lead 327 °C 



PbPb--SnSn SolderSolder

Pb-Sn solder

(Pb 38%) melts at
183 °C

tin 232 °C 

lead 327 °C 


