ONE-COMPONENT PHASE
EQUILIBRIUM AND
SURFACES



PHASE RULE

A PHASE is a homogeneous portion of a system. A system may have several solid phases
and several liquid phases but usually has at most one gas phase.

To describe the equilibrium state of a system with several phases and several chemical
species, we can specify the mole numbers of each species in each phase and the
temperature and pressure, T and P; as intensive variables (some are not independent var).

The number of degrees of freedom (or the variance) f of an equilibrium system is defined
as the number of independent intensive variables needed to specify its intensive state.

We initially make two assumptions, which will later be eliminated:
(1) No chemical reactions occur and (2) Every chemical species is present in every phase.

In the equation below, ¢ = # of chemical species; p = # of phases; f = degrees of freedom

f=c—p+ 2 no reactions




EXERCISE

Find f for a system consisting of solid sucrose In equilibrium
with an aqueous solution of sucrose.

The system has two chemical species (water and sucrose). so ¢ = 2. The sys-
tem has two phases (the saturated solution and the solid sucrose). so p = 2. Hence

f=c—p+2=2—-2+2=2

Two degrees of freedom make sense. since once T and P are specified. the equilib-
rimm mole fraction (or concentration) of sucrose in the saturated solution 1s fixed.

Sucrose (s) and Sucrose (aq) are identical chemical species. They
just differ in their phases.



THE PRHASE RULE IN SYSTEMS WITH REACTIONS

Each independent chemical reaction provides one relation between the chemical
potentials and can be used to eliminate one variable from T, P, and the mole fractions.If
the number of independent chemical reactions is r and the number of additional
restrictions a, then the number of independent intensive variables is reduced by r and a

the phase rule becomes:

By independent chemical reactions, we mean that no reaction can be written as a
combination of the others. We can preserve the simple form for the phase rule by

defining the number of independent components c;, 4 as:




EXERCISE

For an agueous solution of the weak acid HCN, write the
reaction equilibrium conditions and find f and c;..

The system has the five chemical species H,O, HCN, H", OH™, and CN".
so ¢ = 5. The two independent chemical reactions H,O =— H™ + OH and
HCN — H™ + CN~ give two equilibriun conditions: Hugo = Myt T Moy and
Mpgen = Mgt T M- The system has » = 2. In addition. there 1s the electroneutral-

ity condition ng+ = Hep- 1+ Hg-: division by n,,, gives the mole-fraction relation
X+ = Xe- T+ Xg- (See also Prob. 7.6.) Thus, @ = 1. The phase rule (7.9) gives

f=c—p+2-r—a=5-1+2-—-2-1

Emd=r_.‘_1'—ﬂ=5_3_1=2



EXERCISE

Find f in a system consisting of CaCO4(s), CaO(s), and CO,(g), where all the CaO
and CO, come from the reaction CaCO4(s) = CaO(s) + CO,(9).

A phase 1s a homogeneous portion of a system. and this system has three
phases: CaCO4(s). CaO(s). and CO,(g). The system has three chemical species.
There is one reaction- -equilibrium condition, Kcacoss) = Mcaoe) T Meoyey: SOF =
1. Are there any additional restrictions on the mole fractions? It is true that the
number of moles of CaO(s) must equal the number of CO, moles: ne,gy =
Neg, e HOWever. this equation cannot be converted into a relation between the
mole fractions in each phase. and it does not provide an additional relation be-
tween intensive variables. Hence

— 3 )
— o

Cind

f= G 2= 2 =1

The value f = 1 makes sense, since once T is fixed the pressure of CO, gas in

equilibrium with the CaCQOsj is fixed by the reaction-equilibrium condition. and
so P of the system is fixed.




PHASE DIAGRAM
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We can represent any
intensive state of a one-
component system by a

point on a two-
dimensional P-versus-T
H,0 diagram, where each point
corresponds to a definite T
and P. Such a diagram is a
phase diagram.
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PHASE CHANGE AND THE ENERGY ASSOCIATED IN IT

Enthalpies and Entropies of Fusion and Vaporization®
-Tnmp Ilfu,}Hm iﬁn‘sm Inhp xiq-ﬂ_p Hm ‘lwlp Sm JT“PS lInHI
kJ/mol J/molK) K kJ/mol J/(molK) J/(molK)

A phase change at constant T FEeus
and P is generally
accompanied by an enthalpy RE 245 0335 13 6 271 176 65.0 64.8

N, 63.3 0.72 114 774 5.58 721 73.6
Change’ often called the Ar 83.8 1.21 144 87.3 6.53 74.8 74.6

(latent) heat of the C,H; 800 286 318 1845 1471 79.7 80.8

transition. (Certain special (C,Hs),0 156.9 71.27 46.4 307.7 26.7 86.8 85.1
NH; 1954 5.65 289 2397 233 97.4 83.0

2

phase changes have AH=0) Py 250 2 47 99 3497 300 85 8 861
One has enthalpies or heats j3&e 2732 6.01 22.0 3731 4066 109.0 86.7

of fusion (SO|Id N |IC|LIId), I, 356.8 155 401 457.5 41.8 914 88.3
Zn 693. 7.38 10.7 1184, 115.6 97.6 96.3

sublimation (solid >gas), Niel 1074. 282 262 1738, 171 98 4 99 4
vaporization (liquid —>gas),

and transition (SOlId %SOlld) a ﬂmem and Ap S5, are at the normal r._m.elring Pﬂiﬂt (nmp). A, H, ;ud A, Sy, are at the nﬂ.rmal boiling
point (nbp). A, ST 1s the normal-boiling-pomt A5, value predicted by the Trouton—Hildebrand—
Everett rule.




THE CLAPEYRON EQUATION

The Clapeyron equation (a.k.a. Clausius Clapeyron Equation gives the slope dP/dT of a two-
phase equilibrium line on a P-T phase diagram of a one-component system and it is derived

using this principle: For any point on the a-b equilibrium line. The molar Gibbs energies of one-
component phases in equilibrium are equal.

dP  AH, AH
dT TAV,

= —— one component two-phase equilib.
TAV

dP/dT = P AH,,/RT"
L f ]_'.[1 F ) _‘lIh Hm

= . solid—gas or lig.—gas equilib. not near T,
daT RT~ ) )




EXERCISES

The normal boiling point of ethanol is 78.3°C, and at this temperature A, ,,H,, 38.9
kJ/mol. To what value must P be reduced If we want to boil ethanol at 25.0°C In a
vacuum distillation?

The boiling point 1s the temperature at which the liquud’s vapor pressure
equals the applied pressure P on the liquid. The desired value of the applied
pressure P 1s thus the vapor pressure of ethanol at 25°C. To solve the problem.
we must find the vapor pressure of ethanol at 25°C. We know that the vapor pres-
sure at the normal boiling point 1s 760 torr. The variation of vapor pressure with

temperature 18 given by the approximate form (7.19) of the Clapeyron equation:

d In P/dT == AH_/RT". If the temperature variation of A
tegration gives [Eq. (7.21)]

vapHm 18 Neglected. in-

P,
In— = —
P




Let state 2 be the normal-boiling-point state with I, = (78.3 + 273.2) K =
351.5 K and P, = 760 torr. We have T, = (25.0 + 273.2) K = 298.2 K and

760 torr 38.9 X 10° J/mol ( 1 i )
= 2.38

In ==

Py 8314Tmol 'K ! \351.5K 2982K

760 torr/P; = 10.8. P, = 70 torr

The experimental vapor pressure of ethanol at 25°C 1s 59 torr. The substantial
error in our result 1s due to nonideality of the vapor (which results mainly from
hydrogen-bonding forces between vapor molecules) and to the temperature vari-
ation of A H, . at 25°C, A H,, of ethanol 1s 42.5 kJ/mol. substantially higher
than its 78.3°C value. For an improved calculation. see Prob. 7.25.



EXERCISES
Find the melting point of ice at 100 atm.

j']_'I--_::-':'"L"E- T-' : :
P, — Py = —In — solidiq. eq.. 75 — T; small

) A fus V Tl




Since this 15 a solid-liquuid equilibrium. Eq. (7.24) applies. [4 ﬁ‘equer?fsmdem
ervor is to apply Eq. (7.19) to solid—liquid equilibria.] For 1 g of 1ce. Ag,
333.617 and the densities give Ag V= ¥V, — V4 = 1.000 cm® — 1.091 em® =

—0.091 cm’. Let state 1 be the normal meltm-:r point. Then P, — P, = 100 atm —
1 atm = 99 atm. and (7.24) becomes

333.61]
00 atm == AT

(273.15K)(—0.091 cm’)
AT = —7.38 K cmt’ atm/J

We now use two values of R to convert cm® atm to joules. so as to eliminate
cm’® atm/7.

cm’® atm 8314 Tmol 'K !
AT = —T738 K

= —0.75 K
] 82.06 e’ atm mol ' K

Hence, T, = 273.15 K — 0.75 K = 272,40 K. The pressure increase of 99 atm

has lowered the melting point by only 0.75 K to —0.75°C.



SOLID-SOLID PHASE TRANSITIONS

Many substances have more than one solid form. Each such form has a different
crystal structure and is thermodynamically stable over certain ranges of T and P.
This phenomenon is called polymorphism. Polymorphism in elements is called

allotropy.
Part of the phase diagram for sulfur

Metastability — the lower the molar Gibbs
value, the more stable the phase.

Rhomhbic

Another example of metastability besides
orthorhombic sulfur is diamond.




OTHERS

Other examples are liquids cooled below their freezing points (supercooled
liquids) or heated above their boiling points (superheated liquids) and gases
cooled below their condensation temperatures (supersaturated vapors). One
can supercool water to -40°C and superheat it to 280°C at 1 atm.

A solid usually cannot be superheated above its melting point. Computer
simulations of solids indicate that the surface of a solid begins to melt below
the melting point to give a thin liquidlike surface film whose properties are
intermediate between those of the solid and those of the liquid, and whose
thickness increases as the melting point is approached.



CAPILLARY-RISE METHOD

The capillary rise method is a test conducted to determine the surface tension of
a liquid or the contact angle of liquid with soil or pipe material. Capillary rise is
the rise in a liquid above zero pressure level caused by net upward force that is
produced by the attraction of water molecules to a solid surface.

At the right is the formula for
Y = 3(ps — pa \ghr for® = 0 calculating surface tension
Where; p—density

l ;
5

g — gravity constant
Y =3 '|P g L E:}g}'}}'_.-"c{:}::_.; i) r — radius
h — height




EXERCISES

For a water—air interface at 25°C and 1 atm, calculate the capillary rise in a glass capillary tube
with inside diameter 0.200 mm. The surface tension of water at 25°C is 72.0 mN/m. The densities
of air and water at 25°C and 1 atm are 0.001 g/cm? and 0.997 g/cm?3,

Substitution in (7.37) gives

0.0720 N/m = 3 (0.996)(10° kg/10 °m’)(9.81 m/s*)h(0.000100 m)

h=0147m = 14.7 cm

since 1 N = 1 kg m/s”. The substantial value of & is due to the tiny diameter of
the capillary tube.




FOOD FOR THOUGHT: VACUUM DECAY

Some physicists have speculated that the universe might currently exist.in a
metastable high-energy false-vacuum state that is separated by an energy barrier
from the lower energy true vacuum state. If this is so, there is a slight probability
for the universe to spontaneously undergo a phase transition to the true vacuum
state. The transition would start at a particular location and would propagate
throughout the universe at nearly the speed of light.

“Vacuum decay is the ultimate ecological catastrophe ... after vacuum decay . ..
life.as we know it [is] impossible” [S. Coleman and F. DeLuccia, Phys. Rev. D, 21, 3305 (1980)]



READING ASSIGNMENT

Chapter 7.9 — COLLOIDS

Write a brief review of the chapter using these parameters:

ntroductory Paragraph

~unction and Applications

Personal Conclusion/Recommendations
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THAT IS ALL FOR TODAY!

* Do you have any questions, clarifications or violent reactions?




