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The properties of solutions

5.4 Liquid mixtures
(a) Ideal solutions

The total Gibbs energy before mixing, G =n 1, +nyu,"

After mixing, G, =n, {,uA* +RTInx, }+ Ny {,uB* +RTIn xB}
The Gibbs energy of mixing, 4,,G= G,—G,, A,,G=nRT{x,Inx, +x,Inx,}

1

As for gases, the ideal entropy of mixing of two liquids A S = _nR{xA In X, + X In xB}

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 AH > 0 (large) or A4S <0,

- 4.,.G >0 : separation is spontaneous (liquids may be immiscible)
- Partially miscible liquids : miscible only over a certain range of compositions
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5.4 Liquid mixtures

(b) Excess functions and regular solutions

Excess function, XE:
= difference between the observed thermodynamic
function of mixing and the function of an ideal solution

. E ideal _ :
Excess entropy : ¢° — Amix S — Amix S +05 )
ideal Co
where AmixSl = —I’ZR{XA In xA + xB In xB} -|
Regular solution : HE#0 but SF=0 e
& 0
S0 ;
Supposing excess enthalpy, H* = PRTx Xz - ‘
where £ is a dimensionless parameter(See Fig. 5.19)
- if £ <0 : mixing is exothermic P
- if #> 0 : mixing is endothermic Ry 05 1
X,
Excess Gibbs energy of miXing Fig.5.19 The excess enthalpy according toa

model in which it is proportional to fix,x;,

AmixG = nRT{xA In X4 + Xp In Xp + ﬂxAxB } for different values of the parameter .
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Fig.5.18 Experimental excess functions at
25°C. (a) HE for benzene/cyclohexane;

this graph shows that the mixing is
endothermic (because A, H=0 foran
ideal solution). (b) The excess volume, V¥,
for tetrachloroethene/cyclopentane; this
graph shows that there is a contraction at
low tetrachloroethane mole fractions, but
an expansion at high mole fractions

(because A, V=0 for an ideal mixture).
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5.4 Liquid mixtures

+0.1 N S e E

A G/InRT

Fig. 5.20 The Gibbs energy of mixing for
different values of the parameter S.

If 5 > 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)

* reduction
Hy ———

w, +RTInx,
— higher 7, and lower T (see Fig. 5.21)

Molecular Interpretation 5.2

Chemical potential, i

— >
T T, T,
Freezing point Boiling point
depression elevation

Fig.5.21 The chemical potential of a solvent
in the presence of a solute. The lowering of
the liquid’s chemical potential has a greater

effect on the freezing point than on the

boiling point because of the angles at which

the lines intersect.

:|:F
i

(a) (b)

Fig.5.22 The vapour pressure of a pure
liquid represents a balance between the
increase in disorder arising from
vaporization and the decrease in disorder
of the surroundings. (a) Here the structure
of the liquid is represented highly
schematically by the grid of squares.

(b) When solute (the dark squares) is
present, the disorder of the condensed
phase is higher than that of the pure liquid,
and there is a decreased tendency to
acquire the disorder characteristic of the
vapour.

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.
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5.5 Colligative properties

(b) The elevation of boiling point PN
When solvent (A) and solute (B) are present at 1atm, (Fig. 5.23) i
g
Hy (g)=w, )+RTInx, S —7, (¥
The presence of the solute B with x, causes boiling point T Equ;in_lba;
' ' (T* _)T*'l'AT) equilibrium
Justification 3.1 S
All) + B
iy M @-u W) _A,G dinx, 1d4Q4,GIT)_ A,H
4 RT RT dT R dT RT? \ /
Inx I ’ Fig. 5.23 The heterogeneous equilibrium
— _ —___ v i involved in the calculation of the elevation
nx il T In(l-x,) Aol 1
4 T B R T T* of boiling point is between A in the pure
0 T ’ vapour and A in the mixture, A being the
A H 1 1 solvent and B an involatile solute.
Xp = i Synoptic Table 5.2* Freezing-point and boiling-point constants
x, <<1, R (T Tj
B K;/(K kg mol™) K, /(K kg mol™)
1 1 . T'—T'>k - AT AT K b Benzene 5.12 2.53
o o *2 , = b : Camphor 40
T T TT T Phenol 7.27 3.04
where K, is empirical boiling - point constant Water 1.86 051
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5.5 Colligative properties

(¢) The depression of freezing point

When a pure solid (A) is in equilibrium with a solution including
solute of a mole fraction x,, (See. Fig. 5.24) ,

. . RT”
1 ()= ()+RTINx, AT=K'x, K'=
In the dilute solution, AT = be (AH)qu
(K,: 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

ty =ty ()+RTInx,

w, (s)=pu, ()+RTInx, (See. Fig.5.25)
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N

Fig. 5.24 The heterogeneous equilibrium
involved in the calculation of the lowering
of freezing point is between A in the pure
solid and A in the mixture, A being the
solvent and B a solute that is insoluble in
solid A.

T

B(dissolved
in A)

—— g(solution)

Equal at
equilibrium

B(S) —_— ‘H: (S)

4

Fig.5.25 The heterogeneous equilibrium
involved in the calculation of the solubility
is between pure solid B and B in the
mixture.
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5.5 Colligative properties

Justification 5.2 (The solubility of an ideal solute.) LY B B R =
ny, <O’ AuG_ AuH AWS ]
RT RT RT R e oy
_ AfusH( 1 __) B 0.8 gyl o
R T T §

3]
©
Relate din X to the change in temperature by differentiation £ Q4 o LE R [
S
and apply the Gibbs-Helmholtz equation = 05 3/
Inxg 1 r A, H 10
R T TIT
- The solubility of B decreases exponentially as the Fig.5.26 The variation of solubility (the
- - - - mole fraction of solute in a saturated
temperature is lowered from its melting point. solution) with temperature (T is the
- Solutes with high melting points and large enthalpies of freezing temperature of the solute).
] o Individual curves are labelled with the
melting have low solubilities at normal temperature. value of A, H/RT™.
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5.5 Colligative properties

(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 (/7) : 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 77
- Simple arrangement (see Fig. 5.29): at equilibrium, Solution
hydrostatic pressure of solution = osmotic pressure /7 ' ﬂ

Height
0 (D)= pt 1) g - @ Lps P
* B b I |
lLlA (XA ’ p T H) - ILlA (p T H)+ RT In xA Pure sol\? B Solution SOIVEMR\
Py Hi(p) H\p + IT)
G(p,)=G(p)+ L. Vdp atconstant 7
Semiperme:t:Ie ’

IUA* (p + H) = IUA* (p) + J‘;HH dep —egﬁﬁﬁiﬁ% membrane

Fig. 5.27 The equilibrium involved in the

calculation of osmotic pressure, [T, is ) ) o
between pure solvent A at a pressure pon Pressure experiment, Alisat ethb”um on

p+Il
i R T I n xA = Vm dp one side of the semipermeable membrane each side of the membrane when enough
p and A as a component of the mixture on a4 passed into the solution to cause a

the other side of the membrane, where the i ; )
: hydrostatic pressure difference.
pressure is p + I'. !

Fig.5.29 In a simple version of the osmotic
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5.5 Colligative properties

Since Inx =In(1-x,)= - x,, and assuming ¥, (molar vol. of solvent) is constant,

RTx =11V

When the solute is dilute, x,~ny/n, and n,V =V,

11 = [B ]RT : Van’t Hoff equation

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

In general,

I =[JRT{1+B[I]+--}

where B 1Is the osmotic virial coefficient
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Attractions Repulsions
dominant dominant

*Fugacitz - Gases NN

For a perfect gas V= nR1/p,

rrd, p <
G(pf)zG(pl.)+ nRTJ’p‘f—p:G(pi)+ nRT In =L 5
If we set p, = p°, P P -
Ko
G(p): G° + nRT In -2 pdepe_ndence of G for a real gas 2
p° | (SeeFig.5.7) 5
5}
Replacing the true pressure, p, by an effective pressure, f : = :
G,=G°»+ RT In J f : fugacity | Pressure, p
If we EXpreSS the fugaCItfaS f ¢p ¢ |S the dlmenSIOnleSS Fig. 3.24 The mu!ur _Gihbs_cncrg}' ofa l'r.t'dl gﬂs.Af.p—}O,lhu molar
fugacity coefficient ¢ is related to the compression factor el ot
p Z 1 prcsstln:s) [|1:;11101i1r(1]ib|ljs energy ishlr:‘sslhun lh;l:t ofja perfect t
Z Of the gaS between p 0 and p In ¢ J. —dp gas and the molecules have a Inw:r ‘escaping tendency’. At high
p pressures, when repulsive forces are dominant, the molar Gibbs
U . G G Vd d f energy of a real gas is greater than that of a perfect gas. Then the
sing (p ): p + j /p an G =G°,+RT In-< ‘escaping tendency’ is increased.
f 1 m ! -

P’
(1) I V.dp=G, -G, —RTIni If the gas is perfect, (2) I perfect @D = RT In%

P ' 1 ¢»
(1)'(2) J:D. (Vm perfect m }]p RT(In % —In ;j — In[£X %j = E ' (Vm o Vpei.’fect,m )fp

When p'—0, the gas behaves perfectly and f* =p’ Therefore, f/p'—1as p'—0.
1 ¢ _ 1 ¢r
In—=—| V. -V = =— —
n p RT 0 ( m perfect,m }]p Wlth f f/p ! In¢ RT 0 (I/m I/Pe”fectmyp ¢ Ip Z 1 dp

For a perfect gas : Vet m= RT/p, Forareal gas: V,=RTZ/p 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, w, =, +RTIn p—A*
. . . , o P4
For an ideal solution obeying Raoult’s law,  u, =, + RTInx,
When the solution doesn’t obey Raoult’s law, Hy=p, +RTINa,
. . e Table 5.3 Standard states
a, =—, :activity
4 4 (a kind of ‘effective’ Component Basis Standard state Activity Limits
mole fraCtlon) Solid or liquid Pure a=1
Solvent Raoult Pure solvent a=p/p*,a=yx Y—lasx—1
a,—~>x, as x,— 1 (pure solvent)
o o Solute Henry (1) A hypothetical state of a=p/K,a=yx y—lasx—0
Let y = activity coefficient, then the pure solute
a,= V.x —1las x,—1 (2) A hypothetical state of a=yblb® y—lasb—0
A ¥aXa ¥4 A the solute at molality b*
Consequently, atall 7 and p, leachicase = ° £ REInd

w, =4, +RTInx, +RTIny,
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5.7 The solute activity

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

(a) Ideal-dilute solutions
Vapour pressure of a solute B satisfying Henry’s law, pg= KgXg
" ; K
1, =1, +RTINLE = 4 "+ RTIN=E + RT Inx,
Ps P

A new standard chemical potential :  z,° = g, +RT In—2

*

Consequently, u, =u,"+RTInx, P
(b) Real solutes
To express the deviations from ideal-dilute, a, is introduced in place of x, :
P =
=i, +RTIna, aB:K—B A = V5ts
B

ag—xp and yp;—>1as x>0 (atall 7, p)
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5.7 The solute activity

Measuring activity in real solutions (see Fig. 5.31)

—

o
oo

<
o

o
~

o
N

Fig.5.31 The variation of activity and
activity coefficient of chloroform

Activity, a and activity coefficient,

1Yo A4 R NS S NS Y ) 40 NS N NS S (trichloromethane) and acetone
0 02 04 06 08 1 0 02 04 06 08 1 (propanone) with composition according
Mole fraction, x Mole fraction, x to (a) Raoult’s law, (b) Henry’s law.
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5.7 The solute activity

(¢) Activities in terms of molalities

Using molalities, & in place of mole fractionxzz, = 11,” + RT Inb,
- Hg =Hs  when b, = b (1 mol kg?)

-b,— 0, 1,— -0 : as the solution becomes diluted, the solute becomes increasingly stabilized.
a, =y, b—’z where y,—1las b,—0 (atall 7, p)

Therefore, the chemical potential of a real solute at any molality e luo +RTIna
(d) The biological standard state

- In biochemistry, it is common to adopt the biological standard state
(a =107, corresponding to pH = 7) rather than the conventional standard state of
hydrogen ions (¢ =1, pH =0)

- In case of hydrogen ions,
p,.=p,. +RTIna,. =u, " —(RTIN10)x pH (" Inx = (In10)logx )

,qu9 =u.." —TRTIn10
At 298.15 K, 7RTIn10=39.96 kJmol!, so the two standard values differ by about 40 kJmol'.
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5.8 The activities of regular solutions

For a regular solution : HE #+ 0 but SE=0
2
In Va= IBXB In Vg = ,BxAZ : Margules equations

Justification 7.3

For mixing of a nonideal solution, A,,,G = nRT{xA Ina, +x,In aB}

Byusing a=p A _G=nRT{x,Inx,+x,Inx,+x,Iny, +x,Iny,}
Using Iny, =px,” Iny, =/, and x,+x;=1,
A G anT{xA Inx, +x;Inx, +,B)CAJCB2 +,BXBXA2}
=nRT{xAInxA+xBIan+,3xAxB(XA+XB)}
=nRT{x,Inx, +x, Inx, + Bx x|

Activity coefficients behave correctly for dilute solutions :
y,—~las x,—~0and y,—~1as x,—~0

‘£4 ] Seoul National University
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5.8 The activities of regular solutions

For the activity of 4 using the Margules eqgn,

— — ﬁsz — ﬂ(l—xA)z

. p: —x,)° * -
Jsing g =S4, o {erﬂ(l R }pA (see Fig. 5.32)
- =0 ideal solutfoh (in accordance with Raoult’s law)

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

real ideal
pvap > pvap

- /<0 : exothermic mixing, favourable solute-solvent interactions

real ideal
P vap < P vap

- All the curves approazch linearity and coincide with the Raoult’s law
as x,— land eflx4)"— 1
- Ifo K 1 , pA — erﬂpA*
the form of Henry’s law if K = efp  *
K is different for each solute-solvent system

Seoul National University
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Fig.5.32 The vapour pressure of a mixture
based on a model in which the excess
enthalpy is proportional to fx,x. An ideal
solution corresponds to =0 and gives a
straight line, in accord with Raoult’s law.
Positive values of 3 give vapour pressures
higher than ideal. Negative values of 3 give
alower vapour pressure.
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5.9 The activities of ions in solution

(a) Mean activity coefficients
The chemical potential of a univalent cation M* - u, & univalent anion X- - |_

. - - ideal __ | ideal ideal
The molar Gibbs energy of an ideal solution : G ™ =u " +u
But in a real solution,
ideal

G, =4+ =,

Introduce the mean activity coefficient : Vi = (}/ N )/_)%

+ 1/ ““+RTIny, +RTIny =G*“+RTIny,y.

Express the individual chemical potentials of ions :
w, = 1" +RTIny, po= " +RTIny,
The molar Gibbs energy of the ions is the sum of their partial molar Gibbs energies :
G, =pu +qu =G*" +pRTIny, +qRTIny_
The mean activity coefficient: Ve = (?/57/2)% , S=p+(q

ideal

The chemical potential of each ion : =" +RT Iny., G = PUH, +qU_
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5.9 The activities of ions in solution

(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)

Seoul National University
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Fig. 5.33 The picture underlying the
Debye-Hiickel theory is of a tendency for
anions to be found around cations, and of
cations to be found around anions (one
such local clustering region is shown by the
circle). The ions are in ceaseless motion,
and the diagram represents a snapshot of
their motion. The solutions to which the
theory applies are far less concentrated
than shown here.
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5.9 The activities of ions in solution
The lowered energy = The difference between Gm and Gl’:e‘”
Asaresul, G, -G’ =RTIny,
The activity coefficient can be calculated from the Debye-Huckel limiting law

A = 0.509, for a agueous solution at 25°C
Z+Z_‘A[% |

logy, =-

* | = The dimensionless ionic strength of the solution

Zi is the Charge number of an ion i, Table 5.4 1onic strength and molality,

1
[ — EZZIZ (bl /bO) I=kb/b®

and b; is its molality

k X X2 X2~ X4
The ionic strength of solutions consisting of two types M 1 3 6 10
: . _ 1 5 5 M 3 4 15 12
of ion at molalitiesb, andb_: 7= (b+z+ +b_z_) [b° . i ; .
2 M+ 10 12 42 16

Table 5.4 summarizes the relation of ionic

For example, the ionic strength of an M, X

Strength and molal |ty solution of molality b, which is understood to

give M** and X" ions in solution is 15b/b°.
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5.9 The activities of ions in solution

(¢) The extended Debye-Huckel law

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

- O """"" [
be estimated from the extended Debye-Huckel law: | | | f
—0.02f e SYRE N R
A ‘Z z ‘] % 4 5 E)%tendecg'l law
+ _ S R | N | N
log 7, = — 7 + CI 8
1+ BI 72 B B IRRRNNS JRPNRR. <. TN S
_ _ —0.06| ——————————
where B and C are dimensionless constants. Limiting law z
—0.08 i i i :
0 4 8 12 16

100/™

Fig. 5.35 The extended Debye—Hiickel law
gives agreement with experiment over a
wider range of molalities (as shown here
for a 1,1-electrolyte), but it fails at higher
molalities.
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