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PHASE EQUILIBRIUM
Terms used:
Phase: A phase may be defined as a homogeneous portion of a system that has uniform physical and chemical characteristics. For example:
H2O(s) & H2O(g) = Two Phases
H2O +Alcohol Solution = One Phase, as both are miscible
N2 & H2 = One Phase, as all gases are miscible in eachother
Phase Equilibria: Equilibrium is a thermodynamic term describes a situation in which the characteristics of the system do not change with time but persist indefinitely; that is, the system is stable. A system is at equilibrium if its free energy is at a minimum under some specified combination of temperature, pressure, and composition.
Component:  It is defined as minimum number of chemically independent species which are required to express the composition of all the phases present in the system. 
For example, 
1. A system consisting of a solution of sugar in water (P = 1 i.e. solution phase) is a two-component system because the solution phase present in the system consists of two constituents—water and sugar. 
2.	Consider the following system consisting of ice, water and vapour in   	equilibrium. 
	Ice (s) = Water (l) = Vapour (g) 
	The system consists of three phases ice, water and vapour phase. The chemical substance present in each phase is H2O. Therefore, the 	composition of each phase 	is expressed in terms of H2O. Hence, it is called one-component system.
3. Sulphur system has four phases: rhombic sulphur, monoclinic sulphur, liquid sulphur and sulphur vapour and the composition of all these phases is expressed by one chemical individual. Therefore Sulphur system is one component system.
4. The saturated solution of sodium chloride consists of three phases—   solid sodium chloride, salt solution and water vapour in equilibrium.
 	NaCl (s) = NaCl (aq) = Water Vapour (g) 
The chemical composition of each phase of the system can be expressed if we consider two chemical constituents NaCl and water as shown below. 
  Phase	         Components 
NaCl (s) = NaCl + 0H2O 
NaCl(aq) = yNaCl + xH2O
H2O(g)= 0NaCl + H2O Hence, it is a two-component system. 
5. The system, CuSO4 .5H2O (s) = CuSO4 .3H2O (s) + 2H2O (g) is a three- phase and two component system. It requires two constituents CuSO4 and H2O to      express the composition of each phase of the system.
6. In the decomposition of CaCO3, any two constituents are required for explaining the composition of each phase. Therefore it’s a two component system .    CaCO3(s)=CaO(s) +CO2(g),
 CaO(s)=CaO(s)+0CO2(g), 
CO2(g) =0CaO(s) +CO2(g)
Degree of Freedom: It is defined as smallest number of intensive variables (such as temperature, pressure and concentration) that can be changed independently without disturbing the number of phases in equilibrium. e.g. 
1. State of a pure gas may be described by any two of the three variables P, T and density. If any two known, third can be calculated. Hence it has two degrees of freedom called bivariant system (F=2).
2. The system ice = water = vapour has no degree of freedom (i.e., F = 0). The three phases of water i.e. ice, liquid water and vapour can co-exist together in equilibrium only at a particular-temperature and pressure (corresponding to the freezing point) and no factor is necessary to be specified to define the system. Hence, a system consisting of ice, water and vapour in equilibrium has no degree of freedom i.e. it is a non- variant or invariant system.
3. For a saturated LiCl solution, the number of degrees of freedom is one (i.e., F = 1). This is because the system can be completely defined by specifying the temperature only. The other two factors i.e. composition and vapour pressure get automatically fixed when the temperature is fixed. Hence, a system consisting of a saturated LiCl solution is a univariant system.
Phase Rule:
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· Phase Rule was first presented by Gibbs in 1875. 
· It is very useful to understand the effect of intensive variables, such as temperature, pressure, or concentration, on the equilibrium between phases as well as between chemical constituents. 
· It is used to deduce the number of degrees of freedom (F) for a system. Sometimes called: “the variance of the system”.
· It states that : For every heterogeneous system in equilibrium, the sum of number of phases and degrees of freedom is greater than the number of components by two i.e.
     		 F+P=C+2                F= C-P+2
· provided the equilibrium is not influenced by external factors such as gravity, electrical or magnetic forces, surface tension etc.
It is applicable for all the universally present heterogeneous systems.
Advantages of Phase Rule:
1. Provides convenient  method of classification of equilibrium states of system.
2. Predict the behavior of system with changes in the intensive variables.
3. Indicate that different systems having the same number of degrees of freedom behave in the same manner.
4. Applicable to macroscopic system
5. It takes no account of nature of reactant and products in phase.
6. Applicable to physical and chemical equilibria.
Disadvantages of Phase Rule:
1. Applicable only for the system in equilibrium 
2. Applicable to a single equilibrium state
3. Considers only intensive variables 
4. Considers only number of phases not quantity of phases.
5. It requires that all the phases to be present under the same conditions of temperature and pressure.
Phase Diagram:
1. It is a convenient graphical representation formed by plotting the values of intensive variables for equilibrium conditions between two phases. 
2. It shows the properties such as melting point, boiling point, phase transition point and triple point.
3. The complexcity of phase diagram increase with increase in number of component in the system.
4. For a simple substance (one component system) phase diagram is two dimensional plot where P & T are independent variables. 
5. The phase diagram of a two component system is a three dimensional plot, where third axis is for composition.
6. Three dimensional plot can also converted into two dimensional plot by keeping one variable constant. ie. Isobaric,  Isothermal.
7. When one of the variable kept constant then phase rule equation is reduced to :
                                  F = C – P + 1
8. This is known as reduced phase rule.
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Figure showing Phase Diagram
One Component – Water System:
1. Water exist in three possible phases: ice, water, vapors
2. It is a one component system so maximum degrees of freedom is two, when one phase is stable at equilibrium.
                    F= C-P+2 = 1-1+2=2
3. Phase diagram of water is two dimensional plot where Pressure and Temperature are taken as axis.
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Areas in Water System:
Phase diagram is divided into three areas:
1. Area BOC – where ice has stable existence
2. Area COA – where water has stable existence
3. Area BOA – where water vapors has stable existence
Phase Rule for this system:
                                    F = C-P+2 = 2
Degrees of freedom is two hence bivariant system.
Curves in Water System:
1. Melting point Curve (Curve OC)
Also known as melting point curve or freezing point curve or fusion curve.
Represents equilibrium between ice & water 
It is enough to know either  T or P because other variable gets automatically fixed.
e.g. At atmospheric pressure, ice & water can be in equilibrium only at one temperature i.e. at freezing point of water.
Thus ice- water equilibrium line (Curve OC) has only one degree of freedom (Univariant system).
Phase Rule:                F = C- P +2            = 1-2+2 = 1
2. Vaporization curve or vapor pressure curve (Curve OA)
Represents the equilibrium between two phases water & vapor..
It enough to know either  T or P because other variable gets automatically fixed.
Because at any temperature, Pressure of vapor in equilibrium is fixed in value.
Thus water & vapor equilibrium line OA has only one degree of freedom so univariant system.
Phase Rule:                F = C- P +2            = 1-2+2 = 1
At higher end, curve OA terminates at point A which is critical temperature (374C) and Pressure (218atm.) of water.  At this point liquid & vapor phases become indistinguishable & merge into single fluid phase.
Under normal conditions terminus point is O where water freezes to form ice.
3. Metastable equilibrium (Curve OA’)
Curve OA’ represents the meta-stable equilibrium.
Under some special conditions pure water may be cooled down much below the freezing point without forming ice.
Thus it is possible to extend vapor pressure curve even below freezing point of water.
This equilibrium can be approached by cooling liquid water and not by heating ice.
Metastable vapor pressure of super cooled liquid is higher than the vapor pressure of ice.
4. Sublimation Curve (Curve OB) 
Represents the condition for equilibrium between ice and vapors.
Shows vapor pressure of ice at different temperature
In order to describe the system along line OB either value of T or P need to be specified. 
Because at any temperature, value of vapor pressure of ice is fixed.
Thus Ice & vapor equilibrium line OB has only one degree of freedom so univariant system.
Phase Rule:                F = C- P +2            = 1-2+2 = 1
Critical Point: a point on a phase diagram at which both the liquid and gas phases of a substance have the same density, and are therefore indistinguishable.
Triple point:  The temperature and pressure at which a substance can exist in equilibrium in the liquid, solid, and gaseous states. At this point all the three phases coexist. Therefore degree of freedom is zero ie. it is a nonvarient of invariant system
	Phase Rule:                F = C- P +2         F= 1-3+2 = 0 
	The triple point of pure water is at 0.0098°C (273.16K, 32.01°F) and 4.58 mm (611.2Pa) of mercury
Two Component System:
1. In two component system with P=1, the number of degrees of freedom are highest order is three.
2. In two component system phase diagram may be represented by three dimensional diagram of P, composition  and T.
3. In this diagram two axes represents two variables while third variable is held constant.
4. Phase Diagram may be constructed as :
·  P-T diagram keeping conc. Constant
·  P- Conc. Diagram T constant
· T-C diagram keeping P constant.
Solid – Liquid Equilibria or Reduced Phase Rule or Condensed Phase Rule: 
· When P is kept constant, vapour phase of system is not considered. In this case system is said to be condensed and phase rule reduced to:
·                                              F = C – P +1
· This is called condensed phase rule or reduced phase rule.
· T vs Composition diagrams are shown to represents the solid- Liquid equilibria.
Two component system is to be classified depending upon miscibility of two components in molten state  and also on basis of solid phases that separates out on cooling.
· When two components that are completely miscible in liquid state and are allowed to cool components begin to separate out as solid in any of following three forms:
1. Components are not miscible in solid state and form eutectic mixture. Pb-Ag alloy, Cd- Bi alloy
2. Components form a stable solid compound which melts at constant temperature to give a liquid with same composition. Such compounds are said to have congruent melting points.: Zn-Mg system
3. Components form a solid compound which is unstable and decomposes below its melting point to give a new solid phase and liquid that is different in composition from original compound. Such compounds have incongruent melting point e.g. : Na-K system
Eutectic System:
· Eutectic System means easily meltable.
· Two component system in which both the components are completely miscible in liquid phase but do not react chemically is called a eutectic system e.g. Ag-Pb System
· Eutectic Temperature and composition: for a pure substance A, the freezing point is higher and upon increasing the conc. of B freezing point decreases to lowest value. This is called eutectic temperature and composition at this state is called eutectic composition.
· Eutectic Point: (easily melted) is defined as the lowest melting point attained by the mixture
· Solvus- the boundary line between the solid solution region and the double phase  region solid region. This line together with the solidus line indicate the solubility  limit of the solid solution (max component b in α / max component a in β) in each  temperature. 
· Eutectic Line- line where three phases co-exist (α, β, L); below this line (temperature) there is a complete solidification. 
· Eutectic Point- a point (composition) on the eutectic where the melting and  solidification are like in a single component diagram; The melting temperature is the  lowest for the Eutectic composition. 
Max Solubility Limit- is the max amount of component b in α / max amount of component a in β. The max solubility limit is always at the eutectic temperature.

Copper – Silver Eutectic System:
· It is a simple eutectic system in which Silver and Copper are completely soluble in liquid state.
· They do not react to form a any compound but on solidification they form an easy melting mixture.(eutectic system) 
· Four phases that take part in equilibrium are:
·               1. Solid Silver
·               2. Solid Copper
·               3. Solution of Copper and Silver 
·               4. Vapour 
· Boiling point of  Cu and Ag being high. Thus gas phase is absent, so pressure has negligible effect.
· So S-L equilibrium without gas phase is known as condensed system.
· Eutectic reaction which occurs  is:
· Liquid (molten Cu+Ag) → α(solid) + β(solid)
· α(solid)  = Solid solution of Cu and Ag in single phase which is rich in Copper.
β(solid)  = Solid solution of Cu and Ag in single phase which is rich in Silver.

Areas in Cu-Ag System (Bivariant System):
Bivariant system shows that on varying the temperature or composition we get the same phase. 
Area above AEF:  only molten mixture of Cu and Ag exist in this system
Area at extreme left side ABC: only solid α phase exist.
Area at extreme right side FGH: only solid β phase exist.
	Phase Rule: F = C- P +1        F= 2-1+1 = 2

Areas in Cu-Ag System (Univariant System)
Univariant system shows that we can get a particular composition only at a particular temperature. Changing any one parameter will automatically fix the other. 
Areas enclosed by AEB: only molten mixture of Cu and Ag and solid α phase exist.
Areas enclosed by FEG: only molten mixture of Cu and Ag and solid β phase exist.
Area enclosed by CBGH: only α(solid) and β(solid) 
	Phase Rule:     F = C- P +1         F= 2-2+1 = 1

Curves in Cu-Ag System (Univariant):
1. Curve AE (liquidus)
· Above1084oC Cu and Ag exist in molten state. On cooling the molten mixture of Cu and Ag, α solid phase gets crystallized out along the curve AE
· Two phases coexists in equilibrium along AE solid α and solution of Cu andAg 
· System is Univariant 
	Phase Rule:  F = C- P +1         F= 2-2+1 = 1
2.	Curve BE (liquidus)
· Since melting point of Silver is 961oC, on cooling β solid phase gets crystallized out along the curve BE.
· Two phases exists in equilibrium along BE solid β and solution of Cu and Ag
· System is univariant.
	Phase Rule: F = C- P +1         F= 2-2+1 = 1
Eutectic Point:
· AE and BE meets at point at E, E is common to both the curves, solid α which is rich in Cu, solid  β which is rich in Ag and the liquid solution of Cu and Ag coexist at this point.
· Phase Rule:                F = C- P +1         F= 2-3+1 = 0 
· At this  point degrees of freedom  is zero and it is non- variant.
· Point E is lowest temperature of 779oC at which liquid exist.
· If liquid cooled below this temperature both  Cu and Ag separates in solid form as 28.1%  Cu and 71.9% Ag.
· An alloy of Cu and Ag, having above composition  melts at 779oC which is lower than melting point of Cu and Ag  and is called eutectic mixture. 
· The temperature at which lowest melting alloy or eutectic mixture is attained is known as Eutectic Point. 

Applications of Phase Rule:
Phase rule has wide applications in electronic industries, pharmaceutical science, medical science, etc. Some major applications of phase rule are as follows:
1. Solders: Solder is an alloy, which is homogenous mixture having melting point lower than that of the corresponding metal pieces, which have to be joined together. Some essential qualities of the solder are as follows:
· Melting point of the solder should be less than the material to be soldered.
· Solder should spread in liquid form and also form homogeneous mixture with the metals.
For Example: Plumber alloy’ contains Pb = 67% and Sn = 33%, The solder which contains about 60% Pb is used in the electrical wires.
2. Safety Plug: Safety plugs are also known as the safety fuses. It is an alloy having low melting point, used to ensure the safe working and avoid accidents. Safety fuses are used in buildings to protect them against fires. One alloy is woods metal, which is used in the safety fuses. This alloy melts at 65°C and consists of the composition woods metal Bi = 50%, Pb = 25%, Sn = 12.5% and Cd = 12.5%.
3. Frozen liquid (ice) is directly converted into a gaseous state. The removed water is stored again through the condensers. The material or tissue is left almost as a skeleton and original matter can be obtained by adding water. By this process shrinkage of flowers is eliminated or minimized. All botanical samples, fruits and vegetables can be freeze-dried. This technique is also used in pharmaceutical industry, museums, taxidermy, floral industry and camping/hiking food processors.
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