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PART 15 
SURFACE PHENOMENA. ADSORPTION
1. GENERAL UNDERSTANDINGS ABOUT SORPTION PROCESSES.

1.1. ABSORPTION, ADSORPTION, HAEMOSORPTION (DEFINITIONS).

Sorption processes include all the processes, in which one substance is bound to the surface or in the volume of another substance.

Sorption processes are classified as follows:

1. Absorption is a process in which one substance binds another in its volume.

For instance, when gaseous NH3 is bubbled through water, it is absorbed and distributed evenly in the whole volume of water.

2. Adsorption is a process, in which one substance becomes bound to the surface of another.

For instance, adsorbs acetic acid form its water solution and the molecules of acetic acid are attached to the surface of coal particles.

3. Haemosorption is a sorption process, in which one substance binds another by means of chemical interaction.

In this case it is difficult to classify between absorption and adsorption, because the processes of chemical sorption usually begin on the surface and then continue in the volume.

In the further text let us understand the term “adsorption” as just a physical process with no chemical interaction.

The difference between the physical adsorption and haemosorption can be seen experimentally, when the influence of temperature on the process is studied. Growth of temperature always causes a decrease of physical adsorption, as the intensity of the thermal motion of molecules increases with the growth of temperature and therefore the weak physical interaction forces (Van der Vaals’s forces) between the molecule and the surface cannot keep the molecule on the surface.

The influence of temperature on haemosorption has just opposite character - if a chemical reaction between both molecule and surface occurs, the reaction rate grows bigger with the increase of temperature.

POSITIVE AND NEGATIVE ADSORPTION.
That substance, which binds molecules of another substance to its surface will be further called adsorbent.

That substance, the molecules of which are bound to the surface of another substance, will be further called adsorbate.

For instance, if molecules of CO2 are bound to the surface of solid carbon, carbon acts as an adsorbent and CO2 as an adsorbate.

In fact, adsorption is not just binding of a molecule to the surface of another substance. A more precise definition of adsorption is as follows:

Adsorption is a change of concentration of one compound near the surface of another compound.

Adsorption can occur at surfaces of both solid and liquid substances. If adsorption occurs on a surface of a solid substance, adsorption is usually understood as binding of molecules of gas (or solute, if solid substance is in contact with a solution) to the surface of solid substance.

If adsorption occurs at the surface of liquid, it is usually understood as a change of solute’s concentration in the surface layer of solution. For instance, if we are dealing with a water solution of acetic acid, adsorption is understood as an increase of CH3COOH concentration in the surface layer of the solution, see fig. 15.1.a.

If we consider adsorption as change of one compound’s concentration near to surface of other compound, adsorption can be both positive or negative, see fig.15.1.
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Fig.15.1. Positive (a) and negative(b) adsorption.

Let us consider a vessel with solution. One can take samples of solution from the volume of solution and from the surface layer of the solution. The concentrations of solute in these samples concentrations of solute in both samples CS (from the surface layer) and CV (from the volume of solution) will be different.

If CS > CV (the concentration in the surface layer is greater, than in the volume, or, in other words, the solute more eagerly resides in the surface layer, than in the volume), adsorption is positive.

If, in contrary, CS < CV (or, in other words, solute resides more eagerly in the volume of solution and escapes from the surface layer), adsorption is negative.

1.3. MEASURING UNITS OF ADSORPTION.

Different measuring units are used for adsorption, but all these different kinds of measuring units express the amount of adsorbate, bound on a given amount of adsorbent.

If it is really possible to determine the surface area of the adsorbent (for instance, if adsorption occurs on a surface of a liquid), adsorption is measured in the units moles/m2 or g/m2, showing the number of moles or the number of grams of adsorbate, that is adsorbed on 1m2 of adsorbent’s surface.

A very common case is, that the surface area of adsorbent is unknown. This happens in the case of solid adsorbents, because the determination of surface area of solids is a difficult and complicated task. In such cases adsorption is expressed in units moles/g or g/g, expressing the number of moles or the number of grams of adsorbate, that are adsorbed on the surface of 1g of adsorbent.

Thus, all-in-all, adsorption can be expressed in units moles/m2, g/m2, moles/g or g/g.

1.4. TYPES OF ADSORPTION AND THEIR GENERAL PROPERTIES

First, adsorption is different, if a substance is adsorbed in molecular or ionic form. Adsorption of ions has its own specific properties, that will be discussed in chapter 5.

If a substance is adsorbed in a molecular form (molecular adsorption), then adsorption depends on the aggregate state of the adsorbent and the adsorbate:

1) adsorption in the frontier liquid/gas. In this case in the frontier between liquid and gas there are adsorbed molecules of the so-called surface active compounds (see explanation in the further text), that are dissolved in the liquid.

2) adsorption in the frontier liquid/liquid. In this case the molecules of surface active compounds, that were initially dissolved in one or both liquids, are adsorbed on the frontier of two liquids, which are insoluble in each other (for example water and benzene).

3) adsorption in the frontier solid/gas. In this case the molecules of gas are adsorbed on the surface of a solid substance.

4) adsorption in the frontier solid/liquid. In this case the molecules of solute from the liquid phase are adsorbed on the surface of the solid substance.

1.5. ADSORPTION EQUILIBRIUM

When a process of adsorption (binding of the molecules to the surface of another substance), begins, the contrary process - desorption or liberation of adsorbed molecules from the surface begins, too. After some time, an equilibrium is reached - the number of molecules, that are adsorbed on the surface at a unit of time is equal to the number of molecules, that are desorbed (leave the surface) and the amount of adsorbed substance doesn’t change in time any more. 
This adsorption equilibrium can be expressed as: A + S ( A(S), where
A is a molecule of adsorbate,

S is a free site (place) in the surface of adsorbent,

A(S) is a molecule, adsorbed (bound) to the surface site.

At different concentrations of adsorbate different adsorption equilibriums are reached - the greater is the concentration of adsorbate, the greater will be the number of molecules of adsorbate, that are bound to the surface of adsorbent at the equilibrium state.

II. ADSORPTION IN THE FRONTIER LIQUID/GAS

Solutes can be adsorbed on the surface of solution (at the frontier between the solution and air), if they are surface active (see chapter II.2.)

The ability of a liquid surface to adsorb molecules of solute is caused by the free energy of the liquid surface.

II.1. FREE ENERGY OF LIQUID SURFACE. SURFACE TENSION.

Let us consider a pure solvent and let us discuss the difference between state of a solvent’s molecule in the volume of solvent and in the surface layer of it, see fig.15.2. The attraction forces of the surrounding molecules (shown by arrows in fig 15.2.) act on every molecule of solvent.

For a solvent molecule, situated in the volume, these forces act equally in all the spatial directions and therefore they compensate each other.

The state of a molecule in the surface layer is different - practically no attraction forces act at the molecule from the side of gas (gas is much more rarefied when compared to liquid) and therefore the component attraction forces, that is oriented towards the inside of liquid (arrow down in fig.15.2) is not compensated, therefore a resulting force, acting in the direction towards inside of liquid remains.
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Fig.15.2. State of solvent’s molecule in the volume
 of solvent and in the surface layer of it.

The non-compensated attraction forces, that act in the direction towards inside of liquid, cause the so-called free surface energy of liquid ES.

The surface free energy is proportional to the surface area of liquid and this proportionality can be expressed as:

ES =   S, 

(15.1)
where 

S is the liquid surface, m2
The proportionality coefficient s is called the surface tension of the liquid. The value of surface tension shows, how great is the surface free energy of 1 m of liquid surface. The measuring unit of  is
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On the other hand, as 1J = 1N1m, the unit of s can bealso defined as
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 (15.3)
From (15.3) one can see, that:

Surface tension can be also defined as a force, with which an 1m broad surface tends to contract.

II.2. SURFACE ACTIVITY AND SURFACE ACTIVE COMPOUNDS

As it is known from thermodynamics, a process, in which the free energy of a system is decreasing, occurs spontaneously. For this reason a compound can be adsorbed on the surface of liquid, if the presence of this compound in the surface of liquid decreases the surface free energy.

Compounds, that are adsorbed at surfaces of liquids and cause a decrease of the surface free energy (surface tension) of liquid, are called surface active compounds (an abbreviation SAC will be used for surface active compounds in further text)

II.2.1. STRUCTURE OF SAC MOLECULES

To be surface active, a molecule has to have a special sort of structure. By the most, SAC are organic compounds with a biphile structure - the molecule consists of two parts, one of which is a hydrophobic hydrocarbon radical and the other is a polar functional group, which is hydrophilic.

By the most, the molecule of SAC is schematically drawn as:

[image: image3.wmf]
where the polar group is shown as a “head” of molecule and the non-polar hydrocarbon radical is shown as a “tail” of molecule.

Such a kind of molecular buildup is characteristic for:

organic acids
R-COOH
(R - hydrocarbon radical)

alcohols

R-OH
amines

R-NH2
and some other classes of organic compounds.

In order to understand, why the molecules having a biphile structure are surface active, let us think, what happens, if such a molecule is dissolved in water. Water is a polar compound, therefore strong intramolecular interaction forces act both between each two neighboring water molecules and between water molecules and polar groups of SAC.

If a non polar “tail” of SAC molecule is placed between two neighboring water molecules, it interferes the attraction forces between water molecules and therefore location of “tails” of SAC molecules in the volume of water is energetically inconvenient. For this reason, the “tails” of SAC molecules are pushed out of the volume of solution to its surface, see fig 15.3a.

As the result, the concentration of SAC molecules in the surface layer of solution is growing - a positive adsorption takes place. The molecules of SAC in the surface of water are oriented so, that their hydrophilic “heads” (polar groups) are inside water (because attraction forces act between these polar groups and water molecules), but the non-polar groups (“tails”) are outside water.

If we choose a non-polar solvent (benzene), the situation is vice versa - now the positioning of polar groups in non-polar media is energetically inconvenient. As the result, molecules of SAC are also located more in surface layer, than in the volume of solution (a positive adsorption takes place), but now the non-polar groups (“tails”) are oriented towards volume of solution and polar groups are oriented towards outside of solution, see Fig.15.3,b.

The location of SAC molecules in the surface layer of solution decreases the number of solvent molecules in the surface area, thus decreasing the surface tension (and, consequently, the surface free energy) of the solvent.
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Fig.15.3.Orientation of SAC molecules in the surface of
a) polar solvent (water) b) non polar solvent(benzene)

The surface activity, G, is found as:
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and it is defined as the change of surface tension of the solution, caused by an increase of SAC concentration for 1 mole/l. (Occasionally, the same symbol is used for both surface activity and Gibbs’s energy. Note, that these two understandings are completely different!)

II.2.2. COMPARISON OF THE SURFACE ACTIVITY OF DIFFERENT SAC. TRAUBE’S RULE.

The surface activity increases with the increase of the length of hydrocarbon radical in the molecule of SAC. It is easy to understand this phenomenon, if we remember, that a longer non-polar radical disturbs the mutual interaction of the polar water molecules more efficiently than a shorter one. For this reason, the longer is the hydrocarbon radical of a SAC, the more intensively it will be pushed out from the solution by water molecules.

When investigating the surface activity of univalent organic acids, Traube found out, that:

For univalent organic acids an increase of the length of hydrocarbon radical by one -CH2- group causes an increase of surface activity 3-5 times.(Traube’s rule).

This rule is valid for other classes of SAC, as well. To compare the surface activity of SAC from different classes of organic compounds, one can use the following criterion:

The lower is the solubility of given SAC in the given solvent, the greater is its surface activity.

II.3. CALCULATION OF ADSORPTION VALUE IN THE FRONTIER LIQUID/GAS.

The value of adsorption of a SAC in the surface of solution (in the frontier between solution and air) is found, using Gibbs’s equation:
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, where: 
(15.5)
 is the value of adsorption, moles/m2;

 is the surface tension of the solution, J/m2;

C is the concentration of SAC, moles/l;

R is universal gas constant;

T is absolute temperature, K

In approximate calculations the equation (15.5a) is used:
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(15.5a)
Then surface tensions 1 and 2 are experimentally measured at two different concentrations of SAC C1 and C2, and their difference

∆ = 1 - 2
is found. The other parameters in the equation (15.5a) are:

∆C = C1 - C2 and 


The minus (“-”) sign in the equations (15.5) and (15.5a) is the result of the fact, that the surface tension decreases at positive adsorption.

If a compound is surface inactive (like most inorganic compounds, e.g. NaCl), an increase of its concentration causes an increase of the surface tension and, as the result, adsorption is negative - the concentration of compound in the surface layer is smaller, than in the volume of solution.

Adsorption of SAC in the frontier between liquid and gas, as it can be seen from Gibbs’s equation, depends on the following factors:

1) Concentration of SAC - the greater it is, the greater is adsorption,

2) temperature - the greater it is, the smaller becomes adsorption,

3) surface activity of solute (-d/dC) - the greater it is, the greater is adsorption.

II.4. DEPENDENCE OF ADSORPTION ON THE CONCENTRATION OF SAC (ADSORPTION ISOTHERM).

Adsorption isotherm is a curve, that shows the dependence of adsorption on the concentration of SAC at a given temperature, see fig.15.4.

As one can see, the adsorption isotherm has 3 areas (see the orientation of SAC molecules in these 3 areas in fig.15.5):

1st area - while concentration of SAC is very small, all the surface of liquid is free and a molecule of SAC immediately finds a free place in the surface, therefore  is proportional to C. At this situation a molecule of SAC “lies” on the surface of liquid.

2nd area - when the concentration of SAC grows bigger, not all the surface of liquid is free any more and the molecules of SAC have to “seek” for a free place in the surface, therefore there is a negative deviation from the direct proportionality between the adsorption and concentration of SAC.

3rd area - At very great concentrations of SAC all the surface of liquid is already occupied by SAC molecules and a further increase of SAC concentration doesn’t cause any increase of adsorption - the maximal adsorption is already reached. Molecules of SAC in this area stand vertically, forming the so-called Langmuir’s fence.

As one can see, the considerations about SAC concentration and value of adsorption are very much alike to those about the concentration of substrate and the rate of enzyme catalyzed reaction.
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Fig.15.4. Adsorption isotherm
    Fig.15.5. Orientation of SAC. 
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II.5. THE CONNECTION BETWEEN ISOTHERMS OF SURFACE TENSION AND ADSORPTION.

Both isotherm of SAC adsorption and of surface tension of a SAC solution are shown in fig.15.6. When the concentration of SAC tends to 0,  tends to 0 as well, but the surface tension tends to the one of pure solvent o.

When the concentration of SAC grows, the surface tension is decreasing, but adsorption is increasing. When adsorption reaches its maximal value max (a monomolecular layer of SAC on the surface of solution is formed) the surface tension has reached its minimal value, which corresponds to the surface tension of pure SAC (if SAC is a liquid compound at this temperature).
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Fig.15.6.Isotherms of adsorption and surface tension of a SAC solution

II.6. USE OF THE MAXIMAL ADSORPTION FOR FINDING OF LENGTH AND THE CROSS-SECTION AREA OF SAC MOLECULE.

When adsorption has reached its maximal value max, all the surface of liquid is covered by a monomolecular layer of SAC molecules, which stand vertically. Knowing the value of max, one can calculate the number of molecules, that occupy a given surface area S of the liquid.
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Fig.15.7.Situation on the surface of liquid at max.

As max  is the maximal number of SAC moles, that can be placed on a 1m2 area of solution surface,
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, where 

(15.6)
n is the number of moles of SAC and
S is the surface area.

One can find the number of moles, located on a surface area S as

n = max  S 

(15.6a)
and the number of molecules, that are located on this surface area is :

N = nNA=maxSNA molecules/m2 
(15.6b)
(NA- Avogadro’s number).

Now, when we know, how many molecules are located on 1m2 of liquid surface, we can find the area, corresponding to 1 molecule:
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 (15.7)
Next, let us derive an equation for calculation of the length of a SAC molecule. For these purposes we have to express the mass of adsorbed SAC in two different ways:

First, the mass of adsorbed SAC can be found as its volume, multiplied by its density (). Volume of the adsorbed layer of SAC is

V = Sl , where
S is the surface area and
l is the length of molecule
(as it is a monomolecular layer of SAC, the thickness of the layer l is equal to the length of SAC molecules, standing vertically). So the mass of the SAC layer is

m = VSAC = SlSAC 

(15.8)
On the other hand, the mass of a compound can be expressed as the number of moles, multiplied by the molar mass of compound:

m = nM ,

but as the number of moles can be found from the expression (15.6a), mass of SAC is:

m = max  S  MSAC 

(15.9)
We have found the same mass of SAC by 2 different methods, therefore the left sides of equations (8) and (9) must be equal.

If the left sides of 2 equations are equal, right sides are equal, too:

SACSl = maxSMSAC 

or
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III. ADSORPTION IN THE INTERFACE LIQUID/LIQUID

In this case of interface, as well as in the liquid/air interface, the molecules of SAC, dissolved in one or both liquids can be adsorbed.

Molecules of SAC in liquid/liquid interface will be oriented so, that the hydrophilic parts are turned towards the more polar liquid and the hydrophobic parts - towards the less polar liquid. If we choose, for instance, water and benzene (they are insoluble in each other), benzene will be in the upper layer (because its density is smaller) and water will be situated in the lower layer and the molecules of SAC will be oriented as shown in fig. 15.8.
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Fig.15.8. Orientation of SAC molecules in the interface between water and benzene.

IV. MOLECULAR ADSORPTION AT SOLID SURFACES.

In this chapter we will deal with the adsorption on solid surfaces. Adsorption on solid surfaces has 2 main cases :

1) adsorption in the interface between a solid and gas (see chapter IV.2) and

2) adsorption in the interface between a solid and solution (chapter IV.3).

In both cases the adsorption isotherm is similar and is described by Freundlich’s (chap.IV.4.1) or Langmuir’s (chap.IV.4.2.) equations.

Adsorption on solid surfaces is strongly dependent on the specific surface of solid (chap.IV.1) and one has to note, that the adsorption doesn’t take place on all the surface of solid adsorbent, but only on the so-called active sites in the surface - places, where surface is uneven, vacancies (lack of atom in its normal position) or places, where an atom is located on the surface in the next atom plane.

IV.1. SPECIFIC SURFACE OF SOLIDS

The ratio between the surface area and volume of a solid is called specific surface:
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and its measuring unit in SI system is
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For a solid compound, consisting of cubic particles, the specific surface can be found as a ratio between the surface area of cube and the volume of cube. As the surface area of cube is S = 6a2, where a is the length of the cube edge and the volume of cube is V = a3, the specific surface for cubic particles is found as :
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If the solid compound consists of spheric particles, the surface area of sphere is S=4r2 and the volume of sphere is 

, therefore the specific surface for spheric particles is:
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 where
d is the diameter of the sphere.
As one can see, the specific surface in both cases is found as 6, divided by the linear size of particle

The specific surface increases quickly, if the solid compound is grind to smaller particles and in many cases the specific surface can reach very large values.

In table 15.1. there are shown the surface areas of 1 cm3 of solid compounds at different linear sizes of particles. In the cases, when the solid is ground to a particle size, that corresponds to the size of colloidal particles, the surface of 1 cm3 becomes really very huge.

Table 1. Surface area of 1 cm3 of solid at different particle sizes.

	Linear 
size of 
particles
 a (m)
	Systems, in which such a particle size is observed
	Total surface area of 1 cm3 of solid substance
	Comparison

	10-2
	pebbles
	6 cm2
	surface of a coin

	10-3
	gravel
	60 cm2
	a note-book

	10-5
	suspension particles 
	600 cm2
	surface of a little table

	10-7
	greatest colloidal particles
	60 m2
	floor of a big room

	10-9
	smallest colloidal particles
	6000 m2
	1/2 of a football square


IV 2. ADSORPTION IN THE INTERFACE SOLID/GAS.

In the interface between a solid and gas adsorption of gas molecules takes place. The value of adsorption is determined by:

1) the specific surface of adsorbent (see previous chapter) - the greater it is, the greater is adsorption. For this reason the adsorbent has to be ground to a small particle size.

2) temperature - the greater it is, the more intensive is the thermal motion of gas molecules and the smaller becomes adsorption.

3) pressure (concentration) of gas - the greater it is, the greater is adsorption.

4) nature of gas and adsorbent (solid) - polar adsorbents (for instance, silica gel SiO2) better adsorb polar gases, non-polar adsorbents (e.g. ) better adsorb molecules of non-polar gases.

5) when adsorption of different gases on the same solid adsorbent is compared, it is found out, that adsorption is greater for the gases, that can be liquefied moore easily.
The reason for adsorption of gases on solid surfaces is the existence of Van der Vaals’s forces (induction, orientation and dispersion forces) and the adsorption takes place on the active sites in the surface of solid (and not at all surface of adsorbent).

The adsorption isotherm and equations, describing it, are discussed in chapter IV.4.

IV.3. MOLECULAR ADSORPTION AT THE INTERFACE BETWEEN A SOLID ADSORBENT AND SOLUTION

IV.3.1. AFFECTING FACTORS

To understand the adsorption at the interface between a solid adsorbent and solution, one has to take into account, that here three substances are in contact at the same time - the adsorbent is in contact with both solvent and solute.

Of course, adsorption of solute, and not of the solvent is required, because it allows to extract the solute from solution. As well, in some cases the adsorption of solute from solution provides a possibility to get rid of some admixtures, that are present in solution (for instance, to get rid of aldehydes and higher alcohols in the industry of alcoholic drinks), in other cases it allows to separate a necessary compound from solvent.

In order to carry out the adsorption of solute, one has to be sure, that the solvent is not adsorbed - as soon as the solvent can be adsorbed on the given adsorbent, it will immediately cover all the adsorbent’s surface (as there is great am mount of solvent) and no place will remain for the solute.

Practically all this means, that if the solute is a polar compound, a polar (hydrophilic) adsorbent has to be chosen (polar compounds are adsorbed well on polar surfaces), but the solvent must be a non-polar compound.
In the contrary case, if the solute, that has to be adsorbed, is non-polar, a non-polar (hydrophobic) adsorbent has to be used, but the solvent has to be polar (then it will not be adsorbed).

If the solute, that has to be adsorbed, is a SAC, it can be adsorbed on both polar and non-polar adsorbents (remember, that molecules of SAC are biphile). In such a case just opposite characters of solvent and adsorbent have to be chosen.

Let us discuss a real example. If acetic acid (it is a SAC) has to be adsorbed from its water solution, one has to choose a hydrophobic adsorbent, for instance, . Then acetic acid will be adsorbed, but water not.

If the same acetic acid has to be adsorbed from its benzene (a non-polar solvent) solution, the adsorbent has to be chosen hydrophilic (polar), for instance, it could be silica gel. Acetic acid as a SAC can be adsorbed on silica gel, but benzene can not.

All-in-all, adsorption on solid adsorbents from solutions is affected by the following factors:

1) t° - the higher is temperature, the lower is adsorption,

2) concentration of solute - the greater it is, the greater is adsorption,

3) nature of adsorbent and solvent (see discussion above),

4) nature of solute (see discussion above),

5) the relations between solute and solvent - the lower is solubility of the given solute in the given solvent, the greater will be adsorption.

IV.3.2. DETERMINATION OF ADSORBENT’S NATURE.

As one could see from the previous chapter, for a correct choice of adsorbent it is necessary to know, whether the adsorbent is polar (hydrophilic) or non-polar (hydrophobic). It is not always clearly known before experiment. Then it is necessary to determine the nature of adsorbent. It is done as follows:

A given amount of adsorbent (usually 1 g) is moistened by water and another 1g of adsorbent by benzene (non-polar solvent) and the amount of heat, liberated in these processes is measured. The heat, liberated in this process is called moistening heat (Qmoistening) of the adsorbent.

If the moistening heat by water is greater, than by benzene, the adsorbent is called hydrophilic, if moistening heat by benzene is greater, than by water, adsorbent is hydrophobic:

Qmoist.,H2O > Qmoist.,C6H6 
=> hydrophilic adsorbent
Qmoist.,C6H6 > Qmoist.,H2O 
=> hydrophobic adsorbent

IV.3.3.CHANGE OF ADSORBENT’S NATURE IN ADSORPTION PROCESS

If a SAC is adsorbed on the surface of adsorbent, the properties of surface change to the opposite ones. For instance, the surface of coal (a hydrophobic adsorbent) becomes hydrophilic after adsorption of SAC molecules becomes hydrophilic, but the surface of silica gel(a hydrophilic adsorbent) - becomes hydrophobic, when molecules of SAC are adsorbed to it, see fig.15.9.
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Fig.15.9 Surfaces of adsorbents after adsorption of SAC molecules: a - surface of coal, b - surface of silica gel.

At the surface of coal, that is hydrophobic (non-polar) the molecules of SAC are bound, using their non-polar hydrocarbon radicals (fig.15.9a), therefore the polar groups of SAC molecules are turned towards outside. When all the surface is covered by SAC molecules, it has become hydrophilic, because its properties are now determined by the polar groups of SAC molecules.

At the surface of silica gel (fig.15.9b), which is polar, the molecules of SAC are bound, using their polar groups and in this case the non-polar hydrocarbon radicals are the ones, that are turned towards outside. When all the surface of silica gel is covered by molecules of SAC, it has become hydrophobic (non-polar).

IV.4. ADSORPTION ISOTHERMS ON SOLID ADSORBENTS FREUNDLICH’S AND LANGMUIR’S EQUATIONS

The form of the adsorption isotherm at the surface of a solid adsorbent is similar both for adsorption of gases and for adsorption of solute from solution, see fig.15.10.

The only difference between these two isotherms is, that in the case of adsorption of the molecules of a gas on a solid surface, the value adsorption is plotted versus pressure of gas, but in the case of adsorption of solute on the surface of a solid adsorbent (at the solid/solution interface) adsorption is plotted versus concentration of solute.
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Fig.15.10. Adsorption isotherms:
a- at the interface solid/gas,  b- at the interface solid/solution.

Adsorption isotherm can be divided into 3 areas:

1) ion the first area, while the concentration (or pressure ion the case of a gaseous adsorbate) of adsorbate is little, the surface of adsorbent is practically free, therefore the molecules of adsorbate easily find non-occupied places in the surface of adsorbent. For this reason an increase of gas pressure or solute’s concentration causes a proportional increase of adsorption.

2) in the second part of the isotherm a great part of adsorbent’s surface is already occupied by the molecules of adsorbate. When concentration (pressure) of adsorbate increases, the new molecules of adsorbate have to seek for a free place in the surface ,therefore adsorption grows less then proportionally to the concentration (pressure) of adsorbate.

3) in the third area of the adsorption isotherm all the surface of adsorbent is already covered by the molecules of adsorbate, no more molecules can be adsorbed at an increase of concentration (pressure) of adsorbate, therefore at a further increase of the amount of adsorbate the value of adsorption remains constant- a maximal value of adsorption max is reached.

IV.4.1.FREUNDLICH’S EQUATION

As we will see ion the further text, two different equations are used to describe mathematically the adsorption on solid adsorbents. They are named Freundlich’s equation and Langmuir’s equation.

Langmuir’s equation is used to describe all the adsorption isotherm, (see next chapter). Langmuir’s equation works well in the 1st and 3rd areas of the isotherm, but it is very unprecise in the 2nd area.

In many practical cases one has to deal with the 2nd area of the adsorption isotherm. In this area adsorption is described well by Freundlich’s equation, the mathematical form of which looks as follows:

 = kp1/n

(for gas adsorption)
 = kC1/n

(for adsorption from solutions)
where:
 is adsorption, moles/g



p or C is pressure of gas or concentration of solute



k and 1/n are empirical constants.

Thus, when working in the 2nd area of adsorption isotherm, one has to use Freundlich’s equation. If one has studied the dependence of adsorption on the concentration (pressure) of adsorbate, the next is to determine the constants k and 1/n of the equation - if they are known, the adsorption isotherm can be restored at any time.

To determine the constants k and 1/n, one has to measure experimentally the adsorption at different concentrations of solute (or pressures of a gaseous adsorbate), to change the form of Freundlich’s equation in such a way, that an equation of a straight line is obtained and to graphically determine the values constants.

The Freundlich’s equation can be transformed into an equation of straight line, if a log is taken from both sides of equation:

log  = log (kC1/n) or
log  = log k + log C1/n or
log  = log k + 

log C

y   =   b  + a   x
The obtained equation is an y = ax + b type equation of straight line, where log  plays the role of y,  logC plays the role of x,  log k plays the role of the coefficient b and 1/n plays the role of the coefficient a.

[image: image11.wmf]log K

log C

log 

G

a

tan 

a =  

1/n


Fig.15.11. Graphic determination of the constants of Freundlich’s equation

In order to determine these constants graphically, one has to plot log  as a function of log C, see fig.15.11.

Now log k can be found as the logarithm of adsorption (log ) at log C=0, but 1/n (as well as the coefficient a in the ordinary equation of straight line) can be determined as tangent of the angle between the graph and x-axis.

IV.4.2. LANGMUIR’S EQUATION

In contrary to Freundlich’s equation, that is written empirically, Langmuir’s equation has been derived from the adsorption equilibrium using the fact, that when the adsorption equilibrium is reached, the rates of adsorption and desorption are equal. Adsorption equilibrium can be written as:

A + S 

 AS 
where
A is a molecule of adsorbate,

S is a free site in the surface of adsorbent,

kdes and kads are the rate constants of adsorption and desorption processes.
Langmuir’s equation looks like:
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(for gas adsorption)
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(for adsorption from solution)

where:

 is the value of adsorption, moles/g,

max is the maximal adsorption, moles/g,

p or c is the pressure of gas or the concentration of solute,

K is Langmuir’s constant, which is equal to the ratio between the rate constants of adsorption and desorption processes (kads/kdes).

Langmuir’s equation is a mathematically similar to the Michaelis’s - Menten’s equation, therefore its ability to describe the adsorption process is similar, too .

1. If the concentration (pressure) of adsorbate is low and C << K, one can ignore C (or p) in the nominator of the equation. Then the equation becomes:
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As K and max  are constant values, the obtained equation is an equation of direct proportionality and suits well the 1st part of the adsorption isotherm (fig.15.10).

2. If the concentration (pressure) of adsorbate is very high, C >> K and one can ignore K in the nominator of Langmuir’s equation and the equation becomes:
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As it was said before, it is not worth to use Langmuir’s equation in the 2nd area, where it is unprecise. In this area it is better to use Freundlich’s equation.

V. ADSORPTION OF IONS.

In all the previous chapters the molecular adsorption was discussed - in all the cases adsorbate was in a form of molecules.

Adsorption of ions has its own specific properties, different from the ones of molecular adsorption. There are two main cases of ion adsorption, which differ very much from each other:

1) ion exchange adsorption, in which the ions from the solution exchange with the ions, that are present in the surfaces of specific adsorbents - ion exchange resins (also called ionites), see chapter V.1.,

2) selective adsorption of ions, which occurs on the surfaces of insoluble salts, when the insoluble salts are in a contact with water solutions of electrolytes (see chapter V.2.)

V.1. ION EXCHANGE ADSORPTION

V.1.1. THE STRUCTURE OF ION EXCHANGE RESINS

Ion exchange adsorption occurs on the surfaces of ion exchange resins (ionites).

The ion exchange resins are water-insoluble polymers. They contain functional groups, that are able to exchange ions with the surrounding solution. Ion exchange resins, which are able to exchange cations, are called cation exchange resins, but these, which are able to exchange anions, are called anion exchange resins.

In cation exchange resins the functional groups, that are able to exchange cations are, by the most, the acidic groups -SO3H or -COOH. These groups can exchange their H ions with any other positive ions. The general form of a cation exchange resin therefore is written as R - H and its ion exchange reaction as :

R - H + H+ 

 R - Me + H+
In anion exchange resins the functional groups, that are able to exchange anions are basic, therefore they are able to exchange OH- ions with other negative ions from the surrounding solution.

An anion exchange resin in a general form is written as R - OH and its ion exchange reaction as :

R - OH + X- 

 R - X + OH- 
The structures of cation exchange resins and anion exchange resins are shown in fig.15.1
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Fig. 15.12. Schematic structures of
a- cation exchange resin, b - anion exchange resin

As one can see, in the case of cation exchange resin the negative charges are located in the porous structure of the ion exchange resin, but H+ ions are located in the solution inside the pores of its structure.

For instance, a cation exchange resin, which has a sulphhydryl group -SO3H in its structure can dissociate, sending H+ ions into the outer solution:                           [image: image13.wmf]+  H
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The negative ion remains in the structure, but the positive H+ ion is transferred into the solution, that fills the pores of the cation exchange resin and, consequently, this H+ ion can be exchanged to a metal ion from the solution.

An anion exchange resin, on its turn, dissociates so, that the positive ion remains in its structure, but the negative OH- ion is transferred into the solution, that fills the pores:
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and can therefore be exchanged to another negative ion.

V.1.2. SPECIFIC PROPERTIES OF ION EXCHANGE.

The ion exchange adsorption has two very important specific properties:

1. Ion exchange proceeds in equivalent amounts. This means, that when one equivalent of ions is bound to the ion exchange resin, one equivalent of H+ ions or OH- ions is transferred into solution.

Thus, if a cation is bound to the cation exchange resin, the number of H+ ions, transferred into the solution, is equal to the charge of the cation:

R - H + Na+ 

 R - Na + H+
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As well, in case of anion exchange resins, when an acid remainder ion is bound to the anion exchange resin, the number of liberated OH- ions is equal to the charge of acid remainder ion:
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This means, that when metal ions from the solution are bound to cation exchange resin, an equivalent amount of H+ ions are transferred into solution, but when anions are bound to anion exchange resin, an equivalent amount of OH- ions are transferred into the solution.

Using this property, one can determine the total concentration of cations in the solution without systematic analysis of each ion. It is enough to pass this solution through a column, filled with cation exchange resin - all the cations will be exchanged to H+ ions. After that the liberated H+ ions can be titrated by a strong base.

As well, to determine the total concentration of anions it is enough to pass the solution through ion exchange column, filled with anion exchange resin and then to titrate the liberated OH- ions by a strong acid.

2. Ion exchange adsorption is reversible. This means, that the same ion exchange resin can be used many times. When a cation exchange resin is saturated with metal ions (all the H+ ions in the acidic functional groups of the cation exchange resin are already replaced by metal ions), the cation exchange resin can be regenerated into its initial form, if the ion exchange column is washed by a solution of a strong acid - then the ion exchange occurs in the opposite direction, the metal ions are washed out from the cation exchange resin and H+ ions replace them in the functional groups of the resin, for instance,

R - Na + HCl => R - H + NaCl

Anion exchange resins can be regenerated by washing them with a solution of strong base, then the acid remainder ions are washed out from the resins and replaced by OH- ions in the functional groups of anion exchange resins, e.g.:

R - Cl + NaOH => R - OH + NaCl

After such a regeneration the ion exchange resins are ready for use again.

V.1.3. APPLICATIONS OF ION EXCHANGE ADSORPTION

Ion exchange adsorption can be used for:

1) purification of water (the so-called deionized water is obtained then). To do this, water is first passed through a column, filled with a cation exchange resin, where all the metal ions of the solution are changed to H+ ions.

After that, water is passed through a column, filled with anion exchange resin where all the acid remainder ions are changed to OH- ions. Finally, H+ and OH- ions react to form water:

H+ + OH- => H2O

and pure water is obtained. This method for water purification is widely used instead of distillation.

2) For practical separation of metal ions from each other.Several rules regulate the adsorptiopn of ions of different metals on cation exchange resins:

1. The greater is the charge of ion, the stronger it is bound to the surface of the ion exchange resin. For instance, for Na+, Ca2+ and Al3+ ions the ability to be bound to the surface of a cation exchange resin grows in the following sequence: Na+ < Ca2+ < Al3+.

2. If the charge of different ions is equal, their adsorption ability on the ion exchange resins is determined by the size of ions: the greater is the size of ion, the stronger it is bound to the ion exchange resin (in fact, the greater is the size of ion, the weaker it is hydrated and therefore the easier it is adsorbed). Thus, for instance, K+ is bound stronger than Na+ or Br- is bound stronger than Cl-.
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If, for instance, a solution, containing a mixture of Na+, Ca2+ and Al3+ ions is be poured into a column, filled with a cation exchange resin, and after that a solution, containing diluted HCl is passed through the column, the metal ions start travelling down by the column. In this example Na+  ions will be the first ones to come out from the column, as they are weaker bound to the ion exchange resin, Ca2+ ions will come next and Al3+ ions will be the last ones to come out.

If the ion exchange column is long enough, in such a way it will be possible to completely separate the metal ions from each other.

V.2. SELECTIVE ADSORPTION OF IONS

The selective adsorption of ions occurs on the surfaces of insoluble salts. This case of adsorption is responsible for the formation of colloidal particles and will be discussed at the topic “Colloidal solutions”.
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