Chapter 11 – PROPERTIES OF SOLUTIONS

Solution:  

· Solution is a homogeneous mixture

· consists of solvent and solute(s);  aqueous solution has water as solvent;

· concentrated solution -  contains a high amount of dissolved solute(s);

· dilute solution – contains low amount of dissolved solute(s);

· saturated solution – contains the maximum amount of dissolved solute(s) that is normally possible at a particular temperature;

· supersaturated solution – contains more dissolved solute(s) than it normally does to give saturated solutions at a particular temperature.

_________________________________________________________________________

Types of Solutions
——————————————————————————————————————————————

State of
State of
State of

Solvent
Solute
Solution
Examples

——————————————————————————————————————————————

Gas
Gas
Gas
Air, natural gas

Liquid
Liquid
Liquid
Alcoholic beverages,




Antifreeze solution;

Liquid
solid
liquid
seawater, sugar solution

Liquid
gas
liquid
carbonated water (soda)




Ammonia solution;

Solid
solid
solid
metal alloys: brass, bronze,..

Solid
gas
solid
hydrogen in platinum

——————————————————————————————————————————————

Solubility and Equilibrium in Solution


The solubility of a substance is the amount of solute (in grams) that is dissolved in a given quantity of solvent to give a saturated solution at a particular temperature. 

A saturated solution is one that contains the maximum quantity of dissolved solute that is normally possible at a given temperature, where a state of dynamic equilibrium exist between dissolution and crystallization. 

Solubility is temperature dependent. For example, the solubility of KNO3 is about 30. g per 100 g water at 20 oC and 63 g per 100 g water at 40 oC. When a solution that is almost saturated at a higher temperature is cooled to a lower temperature where the solubility is lower, the excess solute would normally precipitate out to give a saturated solution at the lower temperature.  However, if the solution is cooled down too rapidly and the solute fails to seed, precipitates will not form and the resulting solution would contain more dissolved solute than it would be in a normal saturated solution. The resulting solution is said to be supersaturated. 

A supersaturated solution is one that contains more dissolved solute than it normally possible under normal condition. The solution is unstable and crystallization will occur readily by seeding (introducing particles that provide nuclei for precipitation).

Fractional Crystallization (Re-crystallization)


Since the solubility of most compounds generally increases at higher temperatures, re-crystallization can be carried out in the purification of certain compounds.  A good recovery can be obtained from re-crystallization if the substance has a very high solubility at higher temperature, but very low solubility at low temperature.  For example, KNO3 has a solubility of about 63 g per 100 g H2O at 40 oC, and 15 g per 100 g H2O at 0 oC.  If a saturated solution of KNO3 at 40 oC is cooled to O oC, 45 g of solid KNO3 will crystallize out.

Exercise-1:  

1.
The solubility of NH4Cl in water is 28 g/100 g H2O at 0oC and 58 g/100 g H2O at 65oC. (a) If 95 g of NH4Cl is dissolved in 150 g of water at 65oC, would you get is a saturated or unsaturated solution?  (b) When this solution is cooled to 0oC, how many grams of the NH4Cl will precipitate out, assuming supersaturation does not occur?

________________________________________________________________________

11.1  Solution Composition 

Concentration: how much solute is in a solution?

Units of Concentration:

1.
Mass Percent, % (w/w)  =   Mass of solute_ x 100%

      

Mass of solution 

2.
Volume Percent % (v/v) =      Volume of Solute_ x 100% 

   Volume of Solution 

3.
Molarity (M)   =    No. of moles of solute 

Liters of solution

4.
Molality (m)   =    No. of moles of solute 

Kg of solvent

5.
Normality (N) =  No. of equivalent of solute 

Liter of solution

6.
Mole fraction, Xi  =            Mole of a component__________


  


Total moles of components in solution

___________________________________________________________________________

Exercise-2

1.
A solution is prepared by dissolving 2.275 g of NaOH in enough water to make a 200.0 mL solution. Calculate the molarity of the solution.

2.
Calculate the mass percent of the solute in a solution containing 19.5 g NH4Cl in 485 g of water. What is the molality of the solution?

3.
How many grams of NaCl must be dissolved in 100. g of water to make a solution of 3.46 m in NaCl?

4.
A solution is prepared by mixing 16.0 g of CH3OH and 50.0 g of water. (a) What is the mass percent of methanol in the solution? (b) what is the mole fraction of each component in the solution?  (c) If the density of solution is 0.955 g/mL, what is the molarity and molality of CH3OH, respectively, in the solution?

___________________________________________________________________________

11.2  The Energy of Solution Formation

Solution Processes: 

Steps involved in the formation of solution 

1.
pure solute  ( separated solute particles; 

H1 > 0;
(endothermic process)

2.
pure solvent ( separated solvent molecules; 

H2 > 0;
(endothermic process)

3.
separated solvent and solute molecules ( solution; 
H3 < 0;
(exothermic process)

———————————————————————————————————————————————

Net: pure solute + pure solution  (  solution;  
Hsoln = H1 + H2 + H3 ;

———————————————————————————————————————————————

ENERGY is needed to break intermolecular forces in solvent and solute in order to separate the molecules/ions apart. When molecules mix to form solution, there is an increase in intermolecular interaction and energy is released.

———————————————————————————————————————————————

The Energy Terms for Various Types of Solutes and Solvents

———————————————————————————————————————————————


H1 
H2
H3
Hsoln
Outcome

———————————————————————————————————————————————

Polar solvent,
Large
Large
Large,
Small
Solution forms

   polar solute


  negative

Polar solvent,
Small
Large
Small
Large,
Solution does

  nonpolar solute



  positive
   not form

Nonpolar solvent,
Small
Small
Small
Small
Solution forms

  nonpolar solute

Nonpolar solvent,
Large
Small
Small
Large,
Solution does

   polar solute



  positive
   not form

———————————————————————————————————————————————

Types of Solvent-Solute Interactions 

· London dispersion forces;

· Permanent dipole-dipole attractions;

· Permanent dipole-induced dipole attractions;

· Ion-dipole attractions;

· Ion-induced dipole;

· Hydrogen bonding.

Solution Formation of Ionic Compounds


Many ionic compounds dissolve in water but not in organic or nonpolar solvents.  Water molecules are very polar and interact strongly with the ionic species (cations and anions) through ion-dipole interactions. Such interactions results in negative enthalpies, called the solvation or hydration energy. The overall solution process may be exothermic or endothermic, depending on which enthalpy is larger.

Consider the dissolution process to form NaCl solution:

1.
Dissociation of NaCl into gaseous ions:






NaCl(s)  (  Na+(g) + Cl-(g);  

H1 =  786 kJ/mol

2.
Hydration of Na+ ions: 
Na+(g) + nH2O ( Na+(aq);  

H2 = -844 kJ/mol

3.
Hydration of Cl- ions:  
Cl-(g) + nH2O ( Cl-(aq);  

H3 =  61 kJ/mol

———————————————————————————————————————————————


    Net:  NaCl(s)  (  Na+(aq) +  Cl-(aq); 
Hsoln
=  H1 + H2 + H3 = 3 kJ/mol

———————————————————————————————————————————————

The formation of NaCl solution is slightly endothermic. But why would an endothermic process be spontaneous? The main driving force in solution formation is the state of higher disorder, that is the state higher entropy in solution compared to the original solid NaCl.

A solution that is formed with Hsoln = 0 is called an ideal solution.  Those formed with positive or negative Hsoln are nonideal solutions.  Whether a solute will dissolve or not in a particular solvent, or whether the solution formed is ideal or nonideal, depends on the intermolecular interactions between solute and solvent particles.  

11.3  Factors Affecting Solubility
Structural Effects

There is a correlation between molecular structure and solubility. A solution will form if both solute and solvent have similar molecular structures, polarity and types of interactions – “like dissolves like”. For example, nonpolar substances like grease and oil are soluble in nonpolar organic solvent such as hexane (C6H14) and gasoline (C8H18). Ionic and polar compounds such as salts, mineral acids, and sugar are soluble in polar solvents such as water and methanol. 

Effect of Temperature:

The solubility of solids generally increases as temperature increases, which implies that dissolving solid substances is generally an endothermic process (Hsoln > 0). The Le Chatelier's principle states that an endothermic process favors high temperature. The solubility of some ionic compounds that contain SO32-, SO42-, SeO42-, AsO43- and PO43-, are found to decrease as the temperature increases. These compounds have negative enthalpy of solution (Hsoln < 0).


For gases dissolving in liquid solvents, their solubility decreases as the temperature increases; the dissolution of gaseous solutes is an exothermic process - when a gas dissolves heat is given off.  Gases are more soluble at low temperature than at high temperature. This temperature effect on the solubility of gaseous substances has important environmental implications as a result of the widespread uses of water from lakes and rivers in the industrial cooling system. The discharged water from the cooling system back into the lakes or rivers is significantly warmer than the natural ambient temperature, which causes thermal pollution. The rise in ambient temperature of lake or river water lowers the concentration of dissolved oxygen, which can be detrimental to the survival of aquatic lives.

Effect of Pressure:


Pressure has little effect on the solubility of solids or liquids, but significantly increases the solubility of gases. According to Henry's Law, the solubility of gases is directly proportional to the partial pressure of the gas above the solution: C = kP, where C = concentration of gas in solution, P = gas pressure above the solution, and k = Henry’s constant characteristic of the gas and solvent. The solubility of gases is normally expressed in mL of gas at STP  per  liter of solvent.


Henry’s law is obeyed most accurately for a very dilute solutions of gases that do not dissociate or react with the solvent. For example, Henry’s law is obeyed by oxygen and nitrogen gases dissolving in water, but not by carbon dioxide or ammonia, because the latter gases react with water as follows:



CO2(g) + H2O(l)  ((  H2CO3(aq)  (( H3O+(aq) + HCO3-(aq);



NH3(g) + H2O(l)  ((  NH4+(aq) +  OH-(aq)
Exercise-3:  

1.
The solubility of H2S gas in water at 20 oC and 1 atm pressure is 258 mL (measured at STP) per 100 g H2O.  (a) What is the mass percent of dissolved H2S?  (b) What is the molality of the H2S solution?  (c) What is the solubility of H2S gas expressed in mL of H2S (at STP) per 100 g H2O when the temperature is 20 oC and the partial pressure of the gas is 255 torr?

________________________________________________________________________

Ideal and Non-Ideal Solutions

Consider a binary solution consisting of components A & B; there exist interactions of the types: A (( A, A (( B, and B (( B

Case 1:  Interactions: A (( B = A (( A = B (( B;  H = 0 and  V = 0

In solutions composed of benzene(C6H6)-toluene(C7H8), hexane(C6H14)-heptaneC7H16), ethanol(C2H5OH)-methanol(CH3OH), etc., intermolecular interactions between identical molecules and those between non-identical molecules are relative of similar magnitude. Such solutions tend to obey Raoult’s law and are called ideal solutions, where PA = XAPoA.

Case 2:  Interactions: A (( B > A (( A ~ B (( B;  H < 0,  V < 0;


When intermolecular interactions between non-identical molecules are stronger than those between identical molecules, the solution shows negative deviation from ideal behavior. For example, in chloroform (CHCl3)-acetone (C3H6O) mixture, dipole-dipole interactions between chloroform and acetone molecules are stronger than the chloroform-chloroform or  acetone-acetone interactions, separately. The vapor pressure of the solution tends to be lower than that calculated for ideal solution based on the Raoult’s law (that is, PA < XAPA)
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Case 3: Interactions: A ( B < A ( A ~ B ( B;  H > 0,  V > 0

In another type of solutions, such as the acetone-carbon disulfide (CS2) mixture, interactions between identical molecules are stronger than those between non-identical molecules.  A polar acetone interacts relatively strongly with another polar acetone than with a nonpolar carbon disulfide molecule, and vice versa. Such a solution shows a positive deviation from ideal behavior. The vapor pressure of the solution tends to be higher than that predicted from Raoult’s law for ideal solutions; (that is, PA > XAPA)
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Case 4:  In extreme cases, where the interactions are: A ( B << A ( A ~ B ( B,  

the components do not mix; instead they form two separate layers, like water and oil. 

Therefore, there must be sufficiently strong interactions between solvent and solute particles for two substances to form a solution. Solutions composed of the same type of components, where interactions between identical and non-identical components in solutions are of relatively similar magnitude, tend to form ideal mixtures and obey Raoult’s law. While those solution in which the strength of interaction between identical and non-identical components are very different, they deviate from ideal behavior and do not obey Raoult’s law. When interactions between non-identical components are weaker or stronger than those between identical components, the solutions tend to show deviation from Raoult’s law.  

11.4  The Vapor Pressure of Solutions – Raoult’s Law


The vapor pressure of a solution is affected by the type of components present in it. In an ideal solution of liquid-liquid solution, the vapor pressure of the solution tends to obey Raoult’s law; the vapor pressure due to each component is proportional to the mole fraction of that component in solution. That is, for a solution consisting of liquids A and B, the component vapor pressures are


PA = XA.PoA;

PB = XB.PoB;

Ptotal = PA + PB;

PA = vapor pressure of liquid A in solution; XA = mole fraction of A in solution, and PoA = vapor pressure of pure solvent. PB = vapor pressure of liquid B in solution; XB = mole fraction of B in solution, and PoB = vapor pressure of pure solvent. 

Solutions that obey Raoult's law are ideal solutions. For example, benzene and toluene form ideal solutions. The vapor pressure of each component and the total vapor pressure above the solution can be calculated from the Raoult’s equations:


Pbz = Xbz.Pobz;

Ptol  = Xtol.Potol;
Ptotal = Pbz + Ptol
For example, in a benzene-toluene mixture where the mole fractions in the liquid are:  

Xbz = Xtol = 0.500, and the vapor pressure of pure benzene and toluene at 25oC are 95.1 torr and 28.4 torr, respectively, the vapor pressures above the solution at this temperature will be:   


Pbz = (0.550 x 95.1 torr) = 47.6 torr;
Ptol  = (0.500 x 28.4 torr) = 14.2 torr;

Psoln  
= Pbz + Ptol = (47.6 + 14.2) torr  = 61.8 torr.

The vapor composition of this mixture at 25oC is:  


Ybz  = (Pbz/Psoln) = (47.6/61.8) = 0.770;
 Ytol = (Ptol/Psoln) = (14.2/61.8) = 0.230;

When this vapor is condensed, a liquid with the composition 77.0% mole in benzene and 23.0% mole in toluene is obtained.  If this distillate is further distilled, it will yield yet another distillate with a composition that is richer in benzene (the more volatile of the two components).  If the process is repeated many times, a pure benzene sample will be obtained as the final distillate. This is the principle involved in purification of liquid mixture by fractional distillation. 

Practical Uses


Ideal liquid-liquid mixtures can be purified by fractional distillation, which uses a tall fractional distillation column. In fractional distillation the most volatile components are obtained at the top of the column while the least volatile are collected as residues at the bottom.  It is the most important application in petroleum industries where components of crude oils are separated into various petroleum products.

The fractional distillation of an ideal mixture will yield pure components if the fractional distillation column is tall enough to separate their vapor.  For a nonideal solution, fractional distillation subsequently leads to the formation of an azeotropic mixture, which cannot be further separated by distillation process because the composition of the vapor mixture is the same as that of liquid mixture. For example, water-ethanol (C2H5OH) mixture forms an azeotrope mixture at the liquid composition of 95.6% in ethanol and 4.4% water, by mass. This mixture has a constant boiling point of 78.2 oC. 

Exercise-4:  

1.
Benzene and toluene form an ideal solution at all proportion.  The vapor pressure of pure benzene and pure toluene at 25 oC are 95.1 and 28.4 mmHg, respectively.  What is the vapor pressure of a solution that contains 50.0 g benzene (mw 78.11) and 50.0 g toluene (mw 92.13)?  What is the composition of the vapor that is in equilibrium with the above benzene-toluene solution at 25 oC?

2.
Styrene (C8H8) and ethylbenzene (C8H10) form ideal mixture. If a mixture is composed of 38% styrene and 62% ethylbenzene, by mass, at 90oC, what is the composition of the vapor in equilibrium with the liquid mixture. The vapor pressure of styrene and ethylbenzene at 90oC are 134 mmHg and 182 mmHg, respectively.

___________________________________________________________________________

COLLIGATIVE PROPERTIES

Solutions containing nonvolatile solutes have physical properties significantly different from the pure solvent. The presence of nonvolatile solutes in solutions causes the following physical changes to the solvent:

· The lowering of vapor pressure;

· The depression of freezing point;

· The elevation of boiling point;

· The osmotic pressure exerted by the solution;

These are called the colligative properties of solutions, which are properties that depend only on the concentration of solute particles dissolved in the solution, but not on the type of solutes present.  The freezing point depression (Tf), the elevation of boiling point (Tb), and the osmotic pressure of solution are the direct consequence of the lowering of vapor pressure (P) of solvent by nonvolatile solutes.

A nonideal solution approaches ideal behavior under very dilute condition, in which the following simplified relationships can be used:


 P =  Po - P,


  P  =  (1 – Xs)Po  =  Po – XsPo

P =  Po - P   =  XsPo (for non-electrolytes)




=  iXsPo (for electrolytes)

P is called the lowering of solvent vapor pressure in solution, and it is directly proportional to the mole fraction of the dissolved solute. Po is the vapor pressure of pure solvent, P is the vapor pressure of solvent in solution, Xs is the mole fraction of solute, and i is van't Hoff factor for solutes that dissociate. i = 1 for nonelectrolytes; for strong electrolytes in very dilute solutions, i is approximately equal to the total number of ions in a formula unit. For example, i ~ 2 for very dilute NaCl solution.

The Freezing Point Depression and Elevation of Boiling Point

  The freezing point depression, Tf, is proportional to the molal concentration (m) of solution:



Tf  =  Kfm
(for non-electrolytes)



Tf  = iKfm
(for strong electrolytes)

The elevation of boiling point, Tb, for a dilute solution is proportional to the molal concentration of the solution:



Tb = Kbm, 
(for non-electrolytes)



Tb = iKbm,
(for strong electrolytes)

Kf and Kb are called the freezing point lowering constant and boiling point elevation constant, respectively. In the above expressions, solute concentrations are expressed in molal (m), which is mole of solute per kg of solvent.

Kf and Kb values of some solvents are given below:

((((((((((((((((((((((((((((((((((((((
Solvent

 F. Pt,oC 
Kf, oC/m
B.Pt,oC

Kb, oC/m
((((((((((((((((((((((((((((((((((((((
Water


  0

1.86

100

0.52

Benzene

  5.5

5.12

80.1

2.5

Nitrobenzene



8.10



5.24

Carbon tetrachloride
 -23.0

30.0

76.5

5.03

Chloroform

 -63.5

4.70

61.2

3.63

Carbon disulfide
-111.5

3.83

46.2

2.34

Camphor

 179.8

39.7

208.0

5.95

((((((((((((((((((((((((((((((((((((((
Exercise-5
1.
Calculate the vapor pressure lowering, P, when 10.0 mL of glycerol (C3H8O3) is added to 500.0 mL of water at 50.oC. At this temperature, the vapor pressure of pure water is 92.5 torr and its density is 0.988 g/mL. The density of glycerol is 1.26 g/mL.

2.
A radiator fluid mixture contains 3.00 kg of antifreeze ethylene glycol (C2H6O2) and 2.50 kg of water. What is the boiling and freezing points of the solution? (For water, Kf = 1.86 oC/m; Kb = 0.512 oC/m)

3.
What is the minimum concentration of ethylene glycol (C2H6O2) solution that will protect the cooling system from freezing at 0.0oC?

4.
When 1.921 g of nicotine is completely dissolved in 48.92 g of water, the solution freezes at -0.450 oC.  (a) Calculate the molality of the solution.  (b) What is the molar mass of nicotine? (c) If nicotine has the composition 74.0% C, 8.70% H and 17.3 % N, by mass, determine its empirical and molecular formula.

___________________________________________________________________________ 

Osmotic Pressure


If a pure solvent and a solution containing a nonvolatile solute are separated by a semi permeable membrane, there will be a net movement of solvent molecules across the membrane into the solution. This spontaneous net flow of solvent molecules through a semi permeable membrane from a pure solvent or a dilute solution into the more concentrated solution is called osmosis. The pressure that is needed to stop the net spontaneous flow of solvent molecules across a semi-permeable membrane is called the osmotic pressure () of the solution.  For a dilute solution, osmotic pressure is given as,


  =  MRT =  (n/V)RT,
(for non-electrolytes),


  = iMRT = 
i(n/V)RT
(for strong electrolytes)


(M is molar concentration of the solution)

If a pressure greater than the osmotic pressure is applied to an aqueous solution, water can be forced out of the solution through the semi-permeable membrane.  This process is called reverse osmosis, which have been employed to obtain fresh water from seawater. It is a process that requires energy.

Exercise-6:

1.
If a solution contains 10.5 g of sucrose (C12H22O11) per 100. mL, what is its osmotic pressure at 25 oC. What concentration (in g/100. mL solution) of salt (NaCl) would exhibit the same osmotic pressure. (Assume NaCl dissociates completely.)

2.
A 50.0 mL sample of an aqueous solution containing 1.08 g of human serum albumin (HSA) has an osmotic pressure of 5.85 mmHg at 298 K.  Calculate the molar mass of HSA.

___________________________________________________________________________

11.8 Colloids

Colloids are mixtures that is intermediate between a true solution and a heterogeneous mixture.  A colloidal mixture contains particles that are many times larger than the solvent molecules, but too small to be seen by an ordinary light microscope. Colloidal particles are usually dispersed in a homogeneous medium like water or air. To differentiate a colloid from a solution the terms dispersed substance and dispersing medium are used instead of solute and solvent. 

 Many colloidal particles maybe composed of clusters of small particles that are held together by intermolecular forces.  Soaps and detergents are examples of colloidal particles made up of clusters of small particles.  In water, soap and detergent molecules form clusters called micelles, which have inner hydrophobic regions. Smoke is also clusters of small particles.

Types of Colloids

((((((((((((((((((((((((((((((((((((((((((((
Colloidal 
State of 


 particles
Medium
Name

Example




((((((((((((((((((((((((((((((((((((((((((((
Gas

Liquid

Foam

Suds on bear or soapy water, whip cream,




    


   shaving cream, fire-fighting foam.

Gas

Solid

Foam

Foam rubber, Styrofoam, marshmallows,




   


   sponge, pumice.

Liquid

Gas

Aerosol
Fog, clouds, aerosol sprays.

Liquid

Liquid

Emulsion
Homogenized milk, mayonnaise

Liquid

Solid

Emulsion
Butter

Solid

Gas

Aerosol
smoke, airborne particulates

Solid

Liquid

Sol

Cream, milk of magnesia, mud, detergents,




     


   many paints, toothpaste, Jell-O.

Solid

Solid



ruby glass




((((((((((((((((((((((((((((((((((((((((((((
Colloids may also be classified as lyophobic (solvent hating), and lyophilic (solvent loving). If the dispersion medium is water, the colloids are referred to as hydrophobic or hydrophilic. Gelatin is an example of hydrophilic colloid. 

Colloidal mixtures do not exhibit colligative properties because the concentration of the dissolved particles are too low to exhibit any effect of the vapor pressure of the solvent. However, Colloidal mixtures exhibit Tyndall effects, the ability to scatter light so that the beam going through the medium becomes visible. 
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