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Solutions

Homogeneous mixture of molecules in gas, liquid 
or solid phase

• True solutions

• Micellar and colloidal solutions (suspensions): 
particles 1 nm – 10 mm

Tyndall effect – light dispersion
Micell
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Brass (Cu/Zn) 
Solder (Sn/Pb)

SSS

NaCl in waterLLS

Ethanol in waterLLL

H2(850 cm3) in Pd(1 cm3)SSG

Carbonated water 
(CO2) 

LLG

AirGGG
ExampleStateComp 2Comp 1

Types of Solutions
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Composition of Solutions

Mass fraction
and percent
w/w

Volume fraction
and percent v/v

100% 2

solutionm
mw =

100% 2

iV
Vv
Σ

=

Mass concentration
w/v
g cm-3

solution

solution

solution m
m

V
mc ρ22 ==

Before mixing

1 = solvent
2 = solute
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Composition of Solutions

Molar concentration [mol l−1]
solution

M V
nc 2=

......21 ++++
=

i

i
i nnn

nx

Molal concentration [mol kg−1]
Does not depend on T

1

2

m
ncm =

Molar fraction

1 = solvent
2 = solute
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Composition of Solutions

ppm 1 part in 106 parts

ppb 1 part in 109 parts

ppt 1 part in 1012 parts
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Solubility
Complicated process – no simple theory of 
solubility

Empirical rule : Like dissolves like

Good solubility :

Polar compounds in polar solvents (water, 
acetone, alcohols, CH3CN, DMF, DMSO,....)

Nonpolar compounds in nonpolar solvents (CCl4, 
alkanes, benzene,...)
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Factors Influencing Solubility

1. Solute type

2. Solvent type

3. Temperature

4. Pressure (gases – Henry’s Law)

5. Other dissolved compounds – salting out

Like dissolves Like !
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Solubility in Water and Hexane
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Solvent – Solute Interactions
Dissolution in 3 steps

1. Separation of solute molecules
Usually endothermic (+ΔHAA) process except dissolution of 
gases. Lattice energy for ionic compounds. Increase of
entropy (+ΔS)

2. Formation of voids in solvent
Usually endothermic (+ΔHBB) process except dissolution in 
gases. 

3. Solvatation of solute molecules by solvent
Usually exothermic (− ΔHAB) process except dissolution of 
gases in gases. (+ΔS)

ΔHdiss = ΔHAA + ΔHBB + ΔHAB
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Dissolution in 3 Steps

ΔHdiss = ΔHAA + ΔHBB + ΔHAB

ΔHAA
ΔHBB

ΔHAB
Solvatation
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Solvent – Solute Interactions

In case that dissolution is energetically neutral or slightly 
endothermic (+ΔH), it can still proceed because  of the 
entropic driving force (+ΔS) ! 

Entropy of mixing is always positive. A mixture has 
higher entropy than pure components.

ΔG0 = ΔH0 − T ΔS0

ΔG0 < 0
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Ideal and Nonideal Solutions

ΔHBB

ΔHAA Solute molecule
separation

Void formation 
in solvent

ΔHsolution = 0
Ideal SolutionPure compounds

ΔHsolution < 0

ΔHsolution > 0

Solvatation

ΔHsolution = ΔHAA + ΔHBB + ΔHAB

ΔHAB
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Solution Enthalpy

NaOH in water ΔHsoln = − 44.48 kJ mol−1

NH4NO3 in water ΔHsoln = + 26.4 kJ mol −1
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Solvent – Solute Interactions

Solubility depends on enthalpy ΔH 
and entropy Δ S of solution

Solution enthalpy - exo

Hydration enthalpy

Lattice energy

Solution enthalpy - endo

ΔG0 = ΔH0 − T ΔS0
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Hydration - Solvation
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Dissolution of
NaCl



17

Solution Enthalpies
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Solubility and Temperature

Solubility with increasing 
temperature

• Increases (majority, 95%)

• Consatnt (NaCl)

• Decreases (ususally
sulfates)
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Solubility and Temperature
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Fractional
crystallization
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Solubility of gases and Temperature

ΔG0
soln = ΔH0

soln − T ΔS0
soln

ΔHsoln < 0

ΔS0
soln < 0
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Henry’s Law
Molar solubility increases with partial pressure of the component
S [mol l−1] = const × partial pressure (at const. T)

S2 = kH × P2
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Henry’s Law

S2 = kH P2

Molar solubility increases with partial pressure of the component



24

Electrolytic Dissociation
In water
NaCl → Na+ +  Cl− strong electrolytes

HCN  H+ +  CN− weak electrolytes

Svante Arrhenius
(1859-1927)
NP in Chemistry1903

Dissociation degree
α = ndisoc / n0

Dissociation constant

[H+] = [CN-] = α [HCN]0
[HCN] = (1 – α) [HCN]0 α << 1

Kd = (α [HCN]0)2 / (1 – α) [HCN]0 = α2 [HCN]0

[ ][ ]
[ ]HCN

CNHKd

−+

=
.



25

Ostwald Dilution Law

Kd = (α [HCN]0)2 / (1 – α) [HCN]0 = α2 [HCN]0

With increasing concentration of electrolyte
dissociation degree decreases

Dilution increases dissociation degree

F = const q1 q2 / r2

Dilution increases interionic distances, r, attractive force 
decreases

[ ]0

2

HCN
Kd=α
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Electrolytic Conductivity

Pure water Ionic
compound Solution
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Electrolytic Conductivity
Ionic compound solutions

Free moving of ions
Charge cerriers

Electrical resistance, R [Ω]
l = length
A = area
ρ = specific resistivity [Ω m]

σ = 1 / ρ = specific conductivity

Molar conductivity, Λ
Λ = σ / c Λ decreases with incr concentration

A
lR ρ=
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Molar conductivity, Λ

Λ = σ / c

Λ decreases with incr
concentrationc
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Electrolyte Activity

Asociation of ions at increasing concentration, ion pairs
Number of particles decrease
Conductivity decreasses – ion pairs do not carry electric
current. Only free ions remain active – correction of 
concentration for association

Activity, a
a = γ± c

Mean activity coefficient, g± (values 0 – 1)
log γ± = – 0.509 | z+ z– | √ I z+ z– ion charges

Ionic strength of solution, I = ½ Σ ci zi
2 ci molality [mol kg−1]
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Mean Activity Coefficient, γ±

0.5120.7290.880BaCl2

0.1500.3870.700ZnSO4

0.7800.9040.966NaCl

0.7960.9040.966HCl

0.10.010.001Comp.

Molality [mol kg−1]

I = ½ Σ ci zi
2

log γ± = – 0.509 | z+ z– | √ I

at 25 °C
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Solubility Product

Solubility product:  Ks = [A]x [B]y

Conditions:  
• Strong electrolyte, 100% dissociation
• Ionic strength  I = ½ Σ ci zi

2 = 0 
• Activity coefficients γ = 1
• No extra ions or side reactions

Fulfilled only rarely!

AxBy (s) x [A(H2O)n]y+  + y B(H2O)n]x-H2O

tuhá látka, krystal
hydratované (solvatované) ionty
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Solubility Product

Solid phase activity = 1
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Solubility Product

Ks = [A]x [B]y = (x R)x (y R)y

AxBy (s) x [A(H2O)n]y+  + y B(H2O)n]x-H2O

tuhá látka, krystal
hydratované (solvatované) ionty

yx

yx
S

yx
KR

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

1
R = Solubility
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Colligative Properties

• Vapor pressure
– Lowering the vapor pressure by dissolved solute

• Boiling point 
– Boiling point elevation by dissolved solute = 

ebulioscopic effect
• Melting point

– Melting point depression by dissolved solute = 
cryoscopic effect

• Osmosis
– Osmotic pressure = difference of concentrations of 

dissolved compounds

Properties of solutions that do not depend on the kind 
of solute but only on its amount number of molecules.
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Lowering the Vapor Pressure
Addition of solute to the solvent lowers the vapor 

pressure by two mechanisms:
1. Increased entropy decreases driving force to 

evaporation 
2. Dilution of solvent decreases number of molecules

capable of leaving the surface of solution
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Lowering the Vapor Pressure of a Solution
Dilution of solvent decreases number of molecules
capable of leaving the surface of solution

p0 > psoln
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Raoult’s Law

Vapor pressure of solvent above a solution

psolvent = xsolvent P0
solvent

ptot = p solvent + p solute

= 0  for nonvolatile compounds
ptot = x solvent P0 

solvent
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Raoult’s Law
P1 = x1 P1° (x1 = solvent )

x1 = 1 - x2 (x2 = solute)

P1 = (1- x2) P1°

P1 = P1° - x2 P1°

P1° - P1 = ΔP1 =   x2 P1° Lowering of vapor pressure 

Two volatile compounds, A and B
PA =   xA PA°
PB =   xB PB°
Ptot = PA +  PB = xA PA° + xB PB°
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Boiling Point Elevation
and Melting Point Depression
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Boiling Point Elevation
Boiling Point = temperature at which the vapor 
pressure equals the ambient pressure

Boiling Point Elevation

ΔTb = i kb cm

i = van’t Hoff factor, number of 
particles

kb = ebullioscopic constant

cm = molality [mol kg−1]

ΔTb
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ΔTf = i kf cm

i = van’t Hoff factor, number of particles
kf = cryoscopic constant
cm = molality [mol kg−1]

Melting Point Depression
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Osmosis
Semipermeable membrane
let pass solvent molecules and 
stops solute molecules
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Osmosis
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Osmotic Pressure

Π = cM R T

for ionic solutions

Π = i cM R T

cM = molar concentration
R = gas constant
P = osmotic pressure
T = temperature, K
i = van’t Hoff factor

Similar to ideal gas equation. 
Similar effect = molecular collisions create pressure
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Osmosis

Dialysis – separation of large molecules from solution, 
small molecules pass through the membrane

Isotonic solution

Hypotonic solution

Hypertonic solution
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Colloidal Systems

• Colloids are suspensions with particles larger than molecules, but small 
enough to resist gravitational precipitation. Size 10 tp 2000 Å.

• Types of colloids:
– aerosols (g + l or s, fog, smoke)
– foam (l + g, whip cream, beer foam)
– emulsion (l + l, milk)
– sol (l + s, paint)
– solid foam (s + g, marshmallow),
– solid emulsion (s + l, butter),
– solid sol (s + s, ruby glass).
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Colloidal Systems

Lyophilic colloids, TD stable
High molecular weight (solution of polystyrene in acetone, 
solution protein or nucleic acid in water

Micellar
Aggregation of solute molecules – micells (10 - 1000 
particles)

Lyophobic colloids, TD unstable
Must be stirred or protective micellar layer


