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5.4 Liquid mixtures
(a) Ideal solutions
The total Gibbs energy before mixing, ∗∗ += BBAAi nnG μμ
After mixing, { } { }BBBAAAf xRTnxRTnG lnln +++= ∗∗ μμ

The Gibbs energy of mixing, ΔmixG= Gf – Gi , { }BBAAmix xxxxnRTG lnln +=Δ

As for gases, the ideal entropy of mixing of two liquids { }BBAAmix xxxxnRS lnln +−=Δ

The difference between perfect gas and ideal solution
- perfect gas : no interactions between molecules
- ideal solution : avg. A-B interactions in the mixture = avg. A-A or B-B interaction in the pure liquids

Real solutions
- A-A, A-B, and B-B interactions : all different
- Not only changes in enthalpy and volume, but also additional contribution to S (due to clustering) 

If ΔH > 0 (large) or ΔS < 0,
- ΔmixG > 0 : separation is spontaneous (liquids may be immiscible) 
- Partially miscible liquids : miscible only over a certain range of compositions

The properties of solutions
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(b) Excess functions and regular solutions
Excess function, XE :
= difference between the observed thermodynamic  

function of mixing and the function of an ideal solution 
Excess entropy :

where 

Regular solution : HE≠0 but SE=0

Supposing excess enthalpy,

where β is a dimensionless parameter(See Fig. 5.19)

- if β < 0 : mixing is exothermic
- if β > 0 : mixing is endothermic

Excess Gibbs energy of mixing

ideal
mixmix

E SSS Δ−Δ=

{ }BBAA
ideal

mix xxxxnRS lnln +−=Δ

BA
E xRTxnH β=

{ }BABBAAmix xxxxxxnRTG β++=Δ lnln

5.4 Liquid mixtures
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5.4 Liquid mixtures

If β > 2, the graph shows two minima separated by a maximum, implying that the 
system will separate spontaneously into two phases (a reduction in Gibbs energy!!!)
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5.5 Colligative properties
Colligative (‘depending only on the collection) 
properties e.g.) the lowering of vapour pressure, the 
elevation of boiling point, the depression of freezing 
point, and osmotic pressure arising from the presence 
of a solute
Basic assumption: non-volatile solute and no 
dissolution of solute in the solid solvent

(a) The common features of colligative
properties

For an ideal-dilute solution, (no direct influence of 
the solute on the chemical potential of the solvent 
vapour and the solid solvent)

AA xRT ln+∗μ∗
Aμ

reduction

Molecular Interpretation 5.2
When a solute is present, an additional contribution to the entropy of the liquid, even in an ideal solution. -> 
weaker tendency to form the gas (see Fig. 5.22), leading to a lower vapour pressure and hence a higher 
boiling point. Similarly, a lower freezing point due to enhanced molecular randomness of the solution.

→ higher Tb and lower Tf (see Fig. 5.21)
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(b) The elevation of boiling point
When solvent (A) and solute (B) are present at 1atm, (Fig. 5.23)

AAA xRTlg ln)()( += ∗∗ μμ

The presence of the solute B with xB causes boiling point ↑
(T* → T*+ΔT)

Justification 5.1
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(c) The depression of freezing point
When a pure solid (A) is in equilibrium with a solution including 
solute of a mole fraction xB, (See. Fig. 5.24)

AAA xRTls ln)()( += ∗∗ μμ BxKT '=Δ ( ) fusH
RTK
Δ

=
∗2

'
In the dilute solution, bKT f=Δ
(Kf : empirical freezing-point constant)

(d) Solubility

-When a solid solute is left in contact with a solvent, it dissolves   
until the solution is saturated

-saturation : a state of equilibrium between undissolved solute and 
dissolved solute)

In a saturated solution, the chemical potential of the pure solid 
solute = the chemical potential of B

BBB xRTl ln)( += ∗μμ

BBB xRTls ln)()( += ∗∗ μμ (See. Fig. 5.25)

5.5 Colligative properties
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Justification 5.2 (The solubility of an ideal solute.)

Relate dln xB to the change in temperature by differentiation 

and apply the Gibbs-Helmholtz equation
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- The solubility of B decreases exponentially as the
temperature is lowered from its melting point. 

- Solutes with high melting points and large enthalpies of
melting have low solubilities at normal temperature.

5.5 Colligative properties
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(e) Osmosis
- Osmosis : spontaneous passage of a pure solvent into a solution separated

from it by a semipermeable membrane (not for solute) (See. Fig. 5.27)
- Osmotic pressure (Π ) : the pressure that must be applied to the solution 

to stop the influx of solvent
- Osmometry : the determination of molar mass by the measurement of Π
- Simple arrangement (see Fig. 5.29): at equilibrium, 

hydrostatic pressure of solution = osmotic pressure Π

( )Πpxp AAA +=∗ ,)( μμ

( ) ( ) AAAA xRTΠpΠpx ln, ++=+ ∗μμ

dpVpGpG f

i

p

pif ∫+= )()( at constant T

( ) dpVpΠp
Πp

p mAA ∫
+∗∗ +=+ )(μμ

dpVxRT
Πp

p mA ∫
+

=− ln

5.5 Colligative properties
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Since lnxA=ln(1-xB)≈ - xB, and assuming Vm (molar vol. of solvent) is constant,

mB ΠVRTx =
When the solute is dilute, xB≈nB/nA and  nAVm= V ,

{ }⋅⋅⋅++= ]J[1]J[ BRTΠ

where B is the osmotic virial coefficient

: Van’t Hoff equationRTBΠ ][=

([B] = nB/V is the molar concentration of the solute)

In general,

5.5 Colligative properties
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-  Fugacity٭ Gases 
For a perfect gas V= nRT/p,
( ) ( ) ( )
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If we set  pi = po,
p dependence of G for a real gas
(See Fig. 5.7)

Replacing the true pressure, p, by an effective pressure,  f :
f : fugacity
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For a perfect gas : Vperfect,m= RT/p,   For a real gas : Vm= RTZ/p

With  f = f/p ,
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If we express the fugacity as              , φ is the dimensionless
fugacity coefficient φ is related to the compression factor,
Z of the gas between p = 0 and p :
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Activities

5.6 The solvent activity
The different definitions of standard states and activities (see Table 5.3)
The general form of the chemical potential of a real or ideal solvent, ∗

∗ +=
A

A
AA p

pRT lnμμ
For an ideal solution obeying Raoult’s law, AAA xRT ln+= ∗μμ

When the solution doesn’t obey Raoult’s law, AAA aRT ln+= ∗μμ

∗=
A

A
A p

pa : activity
(a kind of ‘effective’
mole fraction)

aA→ xA as xA→ 1

Let γ = activity coefficient, then
aA = γAxA γA→ 1 as xA→ 1

Consequently, at all T and p,

AAAA RTxRT γμμ lnln ++= ∗
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5.7 The solute activity

Solutes approach ideal-dilute (Henry’s law) behavior as xB→ 0, not as xB→ 1

(a) Ideal-dilute solutions
Vapour pressure of a solute B satisfying Henry’s law,  pB= KBxB

B
B

B
B

B

B
BB xRT

p
KRT

p
pRT lnlnln ++=+= ∗

∗
∗

∗ μμμ

A new standard chemical potential : ∗
∗ +=

B

B
B

o
B p

KRT lnμμ
Consequently, B

o
BB xRT ln+= μμ

(b) Real solutes
To express the deviations from ideal-dilute, aB is introduced in place of xB :

B
o

BB aRT ln+= μμ
B

B
B K

pa = BBB xa γ=

aB→ xB and γB→ 1 as xB→ 0 (at all T, p)
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Measuring activity in real solutions (see Fig. 5.31)

5.7 The solute activity
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(c) Activities in terms of molalities

Using molalities, b in place of mole fraction x, B
o

BB bRT ln+= μμ

- when bB = bo (1 mol kg-1)

-bB→ 0, μB→ -∞ : as the solution becomes diluted, the solute becomes increasingly stabilized.

o
BB μμ =

o
B

BB b
ba γ= where γB→ 1 as bB→ 0 (at all T, p)

aRTo ln+= μμTherefore, the chemical potential of a real solute at any molality :

(d) The biological standard state

pHRTaRT o
HH

o
HH

×−=+= ++++ )10ln(ln μμμ

- In biochemistry, it is common to adopt the biological standard state 
(a = 10-7, corresponding to pH = 7) rather than the conventional standard state of 
hydrogen ions (a = 1, pH = 0)

- In case of hydrogen ions,
(∵ lnx = (ln10)logx )

10ln7RTo
HH −= ++

⊕ μμ
At 298.15 K, 7RTln10=39.96 kJmol-1, so the two standard values differ by about 40 kJmol-1.

5.7 The solute activity
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5.8 The activities of regular solutions 

For a regular solution : HE ≠ 0 but SE = 0
2ln BA xβγ = 2ln AB xβγ = :  Margules equations

Justification 7.3
{ }BBAAmix axaxnRTG lnln +=Δ

{ }BBAABBAAmix xxxxxxnRTG γγ lnlnlnln +++=Δ

For mixing of a nonideal solution,

By using            ,

Using                                      and  xA + xB =1, 

xa γ=
2ln BA xβγ = 2ln AB xβγ =

{ }22lnln ABBABBAAmix xxxxxxxxnRTG ββ +++=Δ

{ })(lnln BABABBAA xxxxxxxxnRT +++= β

{ }BABBAA xxxxxxnRT β++= lnln

Activity coefficients behave correctly for dilute solutions  : 
γA→ 1 as xB→ 0 and γB→ 1 as xA→ 0
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For the activity of A using the Margules eqn,

22 )1( AB x
A

x
AAAA exexxa −=== ββγ

{ } ∗−= A
x

AA pexp A
2)1(β

∗=
A

A
A p

paUsing    , (see Fig. 5.32)
- β = 0 : ideal solution (in accordance with Raoult’s law)

- β > 0 : endothermic mixing, unfavourable solute-solvent interactions
pvap

real > pvap
ideal

- β < 0 : exothermic mixing, favourable solute-solvent interactions
pvap

real< pvap
ideal

- All the curves approach linearity and coincide with the Raoult’s law
as xA→ 1 and eβ(1-xA)2→ 1

- If xA « 1 , 
the form   of Henry’s law if K = eβpA*
K is different for each solute-solvent system

∗= AAA pexp β

5.8 The activities of regular solutions 
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5.9 The activities of ions in solution
(a) Mean activity coefficients
The chemical potential of a univalent cation M+ μ+ &  univalent anion  X- μ-

The molar Gibbs energy of an ideal solution :

But in a real solution,  

idealidealideal
mG −+ += μμ

−+−+−+−+ +=+++=+= γγγγμμμμ lnlnln RTGRTRTG ideal
m

idealideal
m

Introduce the mean activity coefficient : 

Express the individual chemical potentials of ions :

2
1

)( −+± = γγγ

±++ += γμμ lnRTideal
±−− += γμμ lnRTideal

The molar Gibbs energy of the ions is the sum of their partial molar Gibbs energies : 

−+−+ ++=+= γγμμ lnln qRTpRTGqpG ideal
mm

The mean activity coefficient:

The chemical potential of each ion :

sqP 1
)( −+± = γγγ , qps +=

±+= γμμ lnRTideal
ii −+ += μμ qpG,
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(b) The Debye-Huckel limiting law

Oppositely charged ions attract one another.

Near any given ions, there is an excess of counter ions. 

The chemical potential of any given central ion is lowered as a 
result of its electrostatic interaction with its ionic atmosphere. 
(see Fig. 5.33)

5.9 The activities of ions in solution
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The lowered energy = The difference between         and

As a result,

The activity coefficient can be calculated from the Debye-Huckel limiting law 

mG ideal
mG

±=− γlnRTGG ideal
mm

2
1

log AIzz −+± −=γ ,
A = 0.509, for a aqueous solution at 25°C

I = The dimensionless ionic strength of the solution 

)/(
2
1 2 °= ∑ bbzI i

i
i

Zi is the charge number of an ion i, 

and bi is its molality

The ionic strength of solutions consisting of two types 

of ion at molalities b+ and b- :

Table 5.4 summarizes the relation of ionic 

strength and molality

°+= −−++ bzbzbI /)(
2
1 22

5.9 The activities of ions in solution
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(c) The extended Debye-Huckel law

When the ionic strength of the solution is too high, the activity coefficient can

be estimated from the extended Debye-Huckel law: 

CI
BI

IzzA
+

+
−= −+

±
2

1

2
1

1
log γ

where B and C are dimensionless constants.

5.9 The activities of ions in solution


