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CoagulationCoagulation
CoagulationCoagulation is the is the 

process in which colloidal process in which colloidal 
particles come together to particles come together to 
aggregate and form a aggregate and form a visible visible 
precipitate or precipitate or coagulumcoagulum. . 
CoagulumCoagulum is an aggregate is an aggregate 
of colloidal particles having a of colloidal particles having a 
relatively tight, dense relatively tight, dense 
structure formed as a result structure formed as a result 
of the inability of the colloidal of the inability of the colloidal 
system to maintain its system to maintain its 
dispersed state. Such dispersed state. Such 
aggregates are normally aggregates are normally 
formed irreversibly; that is, formed irreversibly; that is, 
they cannot be returned to they cannot be returned to 
the colloidal state without the colloidal state without 
significant input of work. significant input of work. 

stable Fe(OH)3
sol

Sol undergoes 
coagulation upon

the addition of 
Al2(SO4)3 solution
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Coagulation thresholdCoagulation threshold
One of the most important ways of the coagulation of One of the most important ways of the coagulation of 

lyophobiclyophobic sols is sols is the addition of an electrolytethe addition of an electrolyte. . 
A certain minimum value of electrolyte concentration in A certain minimum value of electrolyte concentration in 

the 1 liter of sol at which coagulation begins is called the 1 liter of sol at which coagulation begins is called 
coagulation thresholdcoagulation threshold, , γγ, or , or critical coagulation critical coagulation 
concentration (concentration (cccccc)):: , mol/l, mol/l

where where nn –– electrolyte moles number where coagulation is electrolyte moles number where coagulation is 
observed; observed; VV –– total volume of solution.total volume of solution.

Investigations of the coagulation process of Investigations of the coagulation process of lyophobiclyophobic
sols by electrolytes have led to the formation of the sosols by electrolytes have led to the formation of the so--
called called SchultzeSchultze--Hardy ruleHardy rule (H.(H. SchultzeSchultze, 1882;     , 1882;     
W.B. Hardy, 1900):W.B. Hardy, 1900):

/n Vγ =
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SchultzeSchultze--Hardy ruleHardy rule
(1) (1) Coagulation of the sol is causedCoagulation of the sol is caused by the ions carrying by the ions carrying 

the charge oppositethe charge opposite to that of sol particles. to that of sol particles. 
(2) (2) Coagulating power of ionsCoagulating power of ions causing coagulation is causing coagulation is 

directly proportional to the valence of these ionsdirectly proportional to the valence of these ions..

For example, to coagulate For example, to coagulate negative particles of sol of negative particles of sol of 
AsAs22SS33, the coagulation power of different , the coagulation power of different cationscations has has 
been found to decrease in the order as:been found to decrease in the order as:

AlAl3+3+ > Mg> Mg2+2+ > Na> Na++..
Similarly, to coagulate Similarly, to coagulate positive particles of sol such as positive particles of sol such as 

Fe(OH)Fe(OH)33, the coagulating power of different anions has , the coagulating power of different anions has 
been found to decrease in the order: been found to decrease in the order: 

[Fe(CN)[Fe(CN)66]]44–– > PO> PO44
33–– > SO> SO44

22–– > > ClCl––..
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SchultzeSchultze--Hardy ruleHardy rule

6
const

z
γ =

According to the theory of coagulation of hydrophobic sol by theAccording to the theory of coagulation of hydrophobic sol by the
electrolytes the coagulation threshold varies as the inverse electrolytes the coagulation threshold varies as the inverse sixth sixth 
powerpower of the valence of ions causing coagulation: of the valence of ions causing coagulation: 

For For monovalentmonovalent ions, the effectiveness for coagulating negatively ions, the effectiveness for coagulating negatively 
charged colloids has the order:charged colloids has the order:
CsCs++ >> RbRb++ >> KK+ + >> NaNa++ >> LiLi++,,
while for divalent while for divalent cationscations the order is:the order is:
BaBa2+2+ >> SrSr2+ 2+ >> CaCa2+2+ >> MgMg2+2+..

At increasing of the concentration of added electrolyte to the sAt increasing of the concentration of added electrolyte to the sol ol the the 
diffuse layer of electrical double layer is compressed and zeta diffuse layer of electrical double layer is compressed and zeta 
potential is decreased.potential is decreased. This effect leads to instability of colloidal This effect leads to instability of colloidal 
system and to coagulation process.system and to coagulation process.
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Stability of colloidal systemsStability of colloidal systems
Colloidal systems differ widely Colloidal systems differ widely with respect to stabilitywith respect to stability. . 

Some of them can be preserved unchanged for long Some of them can be preserved unchanged for long 
periods of time; others are comparatively unstable being periods of time; others are comparatively unstable being 
more sensitive to various influences. more sensitive to various influences. 

There are two kinds of processes which lead to the There are two kinds of processes which lead to the 
disintegration of colloidal systemsdisintegration of colloidal systems and which under and which under 
certain conditions can take place spontaneously. These are certain conditions can take place spontaneously. These are 
sedimentation processessedimentation processes and and coagulation processescoagulation processes. . 
Kinetic and aggregate stabilitiesKinetic and aggregate stabilities characterize colloidal characterize colloidal 
systems stability with respect to sedimentation process and systems stability with respect to sedimentation process and 
the changing in particle size (coagulation). the changing in particle size (coagulation). 
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Stability of colloidal systemsStability of colloidal systems

Kinetic stabilityKinetic stability is determined by two conflicting is determined by two conflicting 
processes: processes: sedimentationsedimentation of the particles and their of the particles and their thermal thermal 
motionmotion. . 

The The aggregate stabilityaggregate stability is a measure of the ability of a is a measure of the ability of a 
colloidal system colloidal system to preserve its degree of dispersionto preserve its degree of dispersion. It is . It is 
due to the fact that the due to the fact that the particles of the dispersed phase are particles of the dispersed phase are 
electrically chargedelectrically charged and and are surrounded by a solvate are surrounded by a solvate 
(hydrate) shell(hydrate) shell..
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Protective actionProtective action
The addition of The addition of a a lyophiliclyophilic

substance (protein, surfactant, substance (protein, surfactant, 
starch, gelatin, etc.)starch, gelatin, etc.) to a to a lyophobiclyophobic
solsol frequently renders the latter less frequently renders the latter less 
sensitive sensitive to the precipitating effect to the precipitating effect 
of electrolytesof electrolytes. . 

This is an illustration of the This is an illustration of the 
phenomenon of phenomenon of protective actionprotective action: : 
macromolecules of macromolecules of lyophiliclyophilic
substances are adsorbed onto the substances are adsorbed onto the 
colloidal particles of colloidal particles of lyophobiclyophobic sol sol 
and provide and provide stericsteric oror entropic entropic 
stabilizationstabilization..
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Protective actionProtective action

((aa)                                   ()                                   (bb))
Figure. Figure. StericallySterically stabilized systems: a given stabilized systems: a given 
adsorbed macromolecule is associated with one adsorbed macromolecule is associated with one 
particle particle –– a protective action (a protective action (aa)). . Process of Process of 
flflocculationocculation ((bb))
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FlocculationFlocculation
In colloidal systems containing In colloidal systems containing a low concentration of a low concentration of 

lyophiliclyophilic substancessubstances, , macromolecules can become adsorbed macromolecules can become adsorbed 
onto two or more particles leading to phenomenononto two or more particles leading to phenomenon, termed , termed 
flflocculationocculation (see Figure above). (see Figure above). 

Flocculation is the process of Flocculation is the process of flocsflocs formingforming. . 

FlocsFlocs are an aggregate of individual colloidal particles are an aggregate of individual colloidal particles 
associated by associated by lyophiliclyophilic substance to a coagulum but generally substance to a coagulum but generally 
having a rather loose, open structure. having a rather loose, open structure. 

FlocsFlocs may sometimes be formed reversibly and returned to the may sometimes be formed reversibly and returned to the 
dispersed state with minimal energy input. dispersed state with minimal energy input. 
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Protective actionProtective action
The relative protective effects of different substances can be The relative protective effects of different substances can be 

expressed quantitatively in terms of what is known as the expressed quantitatively in terms of what is known as the gold gold 
numbernumber. . This is defined as the dry weight in milligrams of protective This is defined as the dry weight in milligrams of protective 
material which when added to 10 ml of a standard gold sol is jusmaterial which when added to 10 ml of a standard gold sol is just t 
sufficient to prevent color change from red to blue on the additsufficient to prevent color change from red to blue on the addition of 1 ion of 1 
ml of a 10 per cent solution of sodium chloride.ml of a 10 per cent solution of sodium chloride.

The color change referred to is due to coagulation of the particThe color change referred to is due to coagulation of the particles, les, 
and hence the gold number is a measure of the and hence the gold number is a measure of the quantity of protective quantity of protective 
colloid which just fails to prevent precipitation by the electrocolloid which just fails to prevent precipitation by the electrolytelyte
(sodium chloride). (sodium chloride). 

That That the smaller the gold number the greater the protective the smaller the gold number the greater the protective 
actionaction of the given substanceof the given substance.. Gelatin has a very small gold number, Gelatin has a very small gold number, 
and hence is a very good protective substance; egg albumin and gand hence is a very good protective substance; egg albumin and gum um 
arabicarabic are less effective, while potato starch has relatively little are less effective, while potato starch has relatively little 
protective action.protective action.
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Introduction to blood coagulationIntroduction to blood coagulation
The ability of the body to control the flow of blood following vThe ability of the body to control the flow of blood following vascular ascular 

injury is paramount to continued survival. injury is paramount to continued survival. The process of blood clotting The process of blood clotting 
and then the subsequent dissolution of the clotand then the subsequent dissolution of the clot, following repair of the , following repair of the 
injured tissue, is termed injured tissue, is termed hemostasishemostasis. . HemostasisHemostasis, composed of four , composed of four 
major events that occur in a set order following the loss of vasmajor events that occur in a set order following the loss of vascular cular 
integrityintegrity: : 

1. The initial phase of the process is vascular constriction. Th1. The initial phase of the process is vascular constriction. This limits is limits 
the flow of blood to the area of injury. the flow of blood to the area of injury. 

2. Next, platelets become activated by thrombin and aggregate at2. Next, platelets become activated by thrombin and aggregate at
the site of injury, forming a temporary, loose platelet plug. Ththe site of injury, forming a temporary, loose platelet plug. The protein e protein 
fibrinogen is primarily responsible for stimulating platelet clufibrinogen is primarily responsible for stimulating platelet clumping. mping. 
Platelets clump by binding to collagen that becomes exposed follPlatelets clump by binding to collagen that becomes exposed following owing 
rupture of the endothelial lining of vessels. In addition to indrupture of the endothelial lining of vessels. In addition to induced uced 
secretion, activated platelets change their shape to accommodatesecretion, activated platelets change their shape to accommodate the the 
formation of the plug. formation of the plug. 
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Introduction to blood coagulationIntroduction to blood coagulation
3. To insure stability of the initially loose platelet plug, a f3. To insure stability of the initially loose platelet plug, a fibrin mesh ibrin mesh 

(also called the clot) forms and entraps the plug. If the plug c(also called the clot) forms and entraps the plug. If the plug contains ontains 
only platelets it is termed a white thrombus; if red blood cellsonly platelets it is termed a white thrombus; if red blood cells are are 
present it is called a red thrombus.present it is called a red thrombus.

4. Finally, the clot must be dissolved in order to normal blood 4. Finally, the clot must be dissolved in order to normal blood flow to flow to 
resume following tissue repair. The dissolution of the clot occuresume following tissue repair. The dissolution of the clot occurs rs 
through the action of through the action of plasminplasmin..
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ElectrokineticElectrokinetic phenomenaphenomena
When When a hydrophobic sola hydrophobic sol is placed in an electric fieldis placed in an electric field the the particles particles 

become moving definitely in one direction or anotherbecome moving definitely in one direction or another. . 
This means that This means that colloidal particles are electrically charged colloidal particles are electrically charged 

with respect to the dispersion mediumwith respect to the dispersion medium. . 
The phenomenon of The phenomenon of the migration of colloidal particles under the migration of colloidal particles under 

the influence of an electrical potentialthe influence of an electrical potential is called (1) is called (1) 
electrophoresiselectrophoresis..

The movement of particles in an electric field can be easily obsThe movement of particles in an electric field can be easily observed in erved in 
the apparatus constituting the Uthe apparatus constituting the U--tube with two electrodes. tube with two electrodes. The velocity of The velocity of 
the particlesthe particles under a fall of potential of 1 volt per meter, i.e., under a fall of potential of 1 volt per meter, i.e., the the 
electrophoreticelectrophoretic mobilitymobility, may be calculated. , may be calculated. The The electrophoreticelectrophoretic
mobilitiesmobilities for aqueous solsfor aqueous sols almost always lie within the range of almost always lie within the range of 2 to 2 to 
44××1010––44 cm per seccm per sec..

The sign of the particles charge can be determined by observing The sign of the particles charge can be determined by observing the the 
direction in which the boundary movesdirection in which the boundary moves. . 



1616

ElectrokineticElectrokinetic phenomenaphenomena

Other Other electrokineticelectrokinetic phenomena:phenomena:
(2) (2) electroosmosiselectroosmosis (a liquid flows along a charged surface (a liquid flows along a charged surface 

when an electric field is applied).when an electric field is applied).
(3) sedimentation potential (Dorn effect)(3) sedimentation potential (Dorn effect) –– an electrical an electrical 

potential created by the movement of charged particles potential created by the movement of charged particles 
through a liquid by gravity. through a liquid by gravity. This effect may be regarded as the This effect may be regarded as the 
reverse of electrophoresis.reverse of electrophoresis.

(4) streaming potential ((4) streaming potential (QuinckeQuincke effect)effect) is is the the 
production of a potential difference when a liquid is forced production of a potential difference when a liquid is forced 
through a porous membrane or capillary tube.through a porous membrane or capillary tube. The streaming The streaming 
potential effect may thus be regarded as the reverse of potential effect may thus be regarded as the reverse of 
electroosmosiselectroosmosis..
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Practical applicability of electrophoresisPractical applicability of electrophoresis
ElectrophoresiElectrophoresiss is aa methodmethod usedused inin clinicalclinical andand researchresearch

laboratorieslaboratories forfor separatingseparating moleculesmolecules accordingaccording toto theirtheir sizesize andand
electricalelectrical chargecharge. . 

EElectriclectric currentcurrent isis passedpassed throughthrough a a mediummedium thatthat containscontains thethe
mixturemixture ofof moleculesmolecules. . EachEach kindkind ofof moleculemolecule travelstravels throughthrough thethe
mediummedium atat a a differentdifferent raterate, , dependingdepending onon itsits electricalelectrical chargecharge andand
molecularmolecular sizesize. . SeparationSeparation ofof thethe moleculesmolecules occursoccurs basedbased onon thesethese
differencesdifferences. . 

 ALBUMIN 

 GLOBULINS 
 α 1 

 α 2  α 2 
 β  γ 

  

From the position of the peak (see 
Figure), which is determined by the 
electrophoretic mobility,
√ the nature of the protein can be 
identified; 
√ the area under of the peak is a 
measure of the amount present in 
the sol.

Figure. Electrophoretic diagram (ascending) for human blood serum
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The structure of the electric double layerThe structure of the electric double layer
Electrical double layerElectrical double layer of positive and negative ions of positive and negative ions 

exist between two phases at the surface. exist between two phases at the surface. 
According to modern viewsAccording to modern views, developed in works of , developed in works of GouyGouy, , 

Chapman and Stern, Chapman and Stern, the electrical double layer at a the electrical double layer at a 
solidsolid--liquid interface is made up of two partsliquid interface is made up of two parts::

the first partthe first part is formed is formed by ions (either positive or by ions (either positive or 
negative) coincide with the solid surface (negative) coincide with the solid surface (potential potential 
determining ionsdetermining ions)), , the second partthe second part is layer of is layer of countercounter--
ionsions. . 

The layer of counterThe layer of counter--ions can be divided on two parts:ions can be divided on two parts: 1) 1) 
layer of ions in aqueous solution, which are firmly held to layer of ions in aqueous solution, which are firmly held to 
the solid, sothe solid, so--called called Stern layerStern layer, and 2) more mobile , and 2) more mobile diffuse diffuse 
layerlayer, extending into the solution. , extending into the solution. 
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The structure of the electric double layerThe structure of the electric double layer
ϕ

sϕ

δϕ

ζ

δ

Figure.  Schematic Figure.  Schematic 
representation of the structure representation of the structure 
of the electric double layerof the electric double layer

Because of existence of 
spatial separation of electrical 
charges, there is a difference 
of potential between solid and 
liquid phases. The electric 
potential (φs) in the Stern 
layer varies linearly (φδ, 
section MN) with the distance 
(δ); the potential in diffuse 
layer varies exponentially 
(section NK) (see Figure).
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When an electric field is applied to an electrical double When an electric field is applied to an electrical double 
layer there must be a displacement of the oppositely layer there must be a displacement of the oppositely 
charged layers relative to one another; charged layers relative to one another; the actual movement the actual movement 
will presumably take place in the diffuse layer at the region will presumably take place in the diffuse layer at the region 
indicated by the dotted line (indicated by the dotted line (BBBB)) in Figure (see above) , this in Figure (see above) , this 
line represents the slip boundary that denotes the line represents the slip boundary that denotes the 
separation between two moving parts. separation between two moving parts. 

In the case of a sol, the layer closely attached to the In the case of a sol, the layer closely attached to the 
colloidal particle is free to move, together with the particle colloidal particle is free to move, together with the particle 
itself, in an applied field, thus producing the phenomenon of itself, in an applied field, thus producing the phenomenon of 
electrophoresis, described above. It is to be expected that electrophoresis, described above. It is to be expected that 
there should be a connection between the velocity of there should be a connection between the velocity of 
electrophoresis and the potential acting at the slip surface of electrophoresis and the potential acting at the slip surface of 
the moving colloidal particle. the moving colloidal particle. 

The structure of the electric double layerThe structure of the electric double layer
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ElectrokineticElectrokinetic potential potential 
or zeta potentialor zeta potential

This potential has been called theThis potential has been called the electrokineticelectrokinetic potential potential or or zeta zeta 
potentialpotential, because it is represented by the Greek letter zeta , because it is represented by the Greek letter zeta –– ζζ (see (see 
Figure above):Figure above):

where where EE –– electric field intensity; electric field intensity; εε –– dielectric permittivity of dispersed dielectric permittivity of dispersed 
medium; medium; εε00 –– dielectric permittivity of vacuum;   dielectric permittivity of vacuum;   ηη –– viscosity of medium. viscosity of medium. 

The velocity of the particlesThe velocity of the particles under a fall of potential of 1 volt per meter, under a fall of potential of 1 volt per meter, 
i.e., i.e., the the electrophoreticelectrophoretic mobilitymobility, may be calculated. , may be calculated. The The electrophoreticelectrophoretic
mobilitiesmobilities for aqueous solsfor aqueous sols almost always lie within the range of almost always lie within the range of 2 to 2 to 
44××1010––44 cm per seccm per sec. . 

oEvelocity εε
= ζ

η
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ААdsorptiondsorption
AdsorptionAdsorption is a process that occurs when a gas or liquid is a process that occurs when a gas or liquid 

solute accumulates solute accumulates on the surface of a solid or a liquidon the surface of a solid or a liquid, forming , forming 
a molecular or atomic filma molecular or atomic film. . 

It also can be It also can be dedefifinedned as as the preferential concentrationthe preferential concentration (i.e., (i.e., 
location) location) of one component of a system at an interfaceof one component of a system at an interface, where , where 
the local (i.e., interfacial) the local (i.e., interfacial) concentration of one or more concentration of one or more 
components of one or both phases is different from those in the components of one or both phases is different from those in the 
bulk phasesbulk phases. . 

Adsorption should be clearly Adsorption should be clearly 
differentiated from differentiated from ‘‘absorptionabsorption’’, in , in 
which physical penetration of one which physical penetration of one 
phase into another is involved. The phase into another is involved. The 
term term sorptionsorption encompasses both encompasses both 
processes.processes.

Adsorption on the surface of activated charcoal
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ААdsorptiondsorption
Where the Where the interfacial concentrationinterfacial concentration of the adsorbed species of the adsorbed species is greater is greater 

than that in the bulk phasethan that in the bulk phase, one can refer to , one can refer to ‘‘positivepositive’’ adsorptionadsorption. In a . In a 
situation of situation of ‘‘negativenegative’’ adsorptionadsorption, the concentration of a system , the concentration of a system 
component in the region of the interface component in the region of the interface will be less than that in one or will be less than that in one or 
both bulk phasesboth bulk phases. . 

The substance that adsorbs is the The substance that adsorbs is the adsorbateadsorbate and the underlying and the underlying 
material is the material is the adsorbentadsorbent or or substratesubstrate. The reverse process of . The reverse process of 
adsorption is adsorption is desorptiondesorption. . 

Types of adsorption: physical and chemical adsorptionsTypes of adsorption: physical and chemical adsorptions..
The forces involved in adsorption processes are The forces involved in adsorption processes are nonspecinonspecifificc Van Van derder

WaalsWaals forces, ionic or electrostatic forces, and forces, ionic or electrostatic forces, and specispecifificc forces involved in forces involved in 
the formation of chemical bonds. Because the the formation of chemical bonds. Because the nonspecinonspecifificc interactions interactions 
are orders of magnitude smaller than the chemical forces, are orders of magnitude smaller than the chemical forces, adsorption adsorption 
processes that involve only processes that involve only nonspecinonspecifificc Van Van derder WaalsWaals (weak (weak 
intermolecular) intermolecular) interactionsinteractions are generally referred to as are generally referred to as ‘‘physical physical 
adsorptionadsorption’’ while those in which while those in which stronger chemical interactionsstronger chemical interactions occur occur 
are termed are termed ‘‘chemical adsorption or chemical adsorption or chemisorptionchemisorption’’..
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ААdsorptiondsorption
The process of The process of physical physical 

adsorptionadsorption is reversibleis reversible and and 
equilibrium is attained equilibrium is attained 
rapidly. Physical adsorption rapidly. Physical adsorption 
is generally a multilayer is generally a multilayer 
process (see Figure). process (see Figure). 

ChemisorptionChemisorption is limited is limited 
to the formation of a to the formation of a 
monomolecular adsorbed monomolecular adsorbed 
layer (see Figure). layer (see Figure). 
ChemisorptionChemisorption processes processes 
may be much slower than may be much slower than 
physical adsorption and physical adsorption and are are 
not readily reversiblenot readily reversible..

 MULTIPLE ADSORBED LAYERS 

 SECOND ADSORBED LAYERS – PHYSICAL 
ADSORPTION ONLY 

FIRST ADSORBED LAYERS – PHYSICALLY 
ADSORBED OR CHEMISORBED 

Figure.  Multilayer adsorption on a solid 
surface: the first adsorbed layer may be 
physically adsorbed or chemisorbed; 
subsequent layers will be physically 
adsorbed
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ААdsorptiondsorption
Absolute adsorptionAbsolute adsorption, , AA,, is quantitative characteristic of is quantitative characteristic of 
adsorption process. It is equal the amount of adsorbed adsorption process. It is equal the amount of adsorbed 
substance (in moles or kg) per unit area of the surface layer substance (in moles or kg) per unit area of the surface layer 
or per unit mass of the adsorbent: or per unit mass of the adsorbent: 

AA = = nn / / s    or       As    or       A = = nn / / m m 
where n where n –– the amount of adsorbed substance; s and m the amount of adsorbed substance; s and m –– the the 
adsorbent area and its mass respectively.adsorbent area and its mass respectively.

Adsorption in the surface layer of a solution is described Adsorption in the surface layer of a solution is described 
quantitatively by quantitatively by GibbsGibbs’’s adsorptions adsorption::

ΓΓ = = nnss / / ss
where nwhere nss –– moles excess of moles excess of adsorbateadsorbate in the surface layer in the surface layer 
with area  as compared to the bulk of solution.with area  as compared to the bulk of solution.



2626

ААdsorptiondsorption
The The AA and and ΓΓ values are related by the following values are related by the following 

equation:equation: A = A = ΓΓ + + ccδδ,,
where where c c –– concentration of a component in the bulk concentration of a component in the bulk 

phase; phase; δδ –– a thickness of the surface layer.a thickness of the surface layer.
A molecule A molecule in the inner layersin the inner layers of a substance of a substance 

experiences experiences averaged forcesaveraged forces of attraction in all directions of attraction in all directions 
by surrounding molecules, so that by surrounding molecules, so that the net force on it is the net force on it is 
zerozero. . For a molecule in the surface layerFor a molecule in the surface layer, however, , however, these these 
forces are unbalancedforces are unbalanced (see Figure).(see Figure).
 п о в і т р я

розчин

             AIR

     SOLUTION 

Figure.  The surface layer of a 
liquid
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Surface tensionSurface tension
Owing to the unique environment of the molecules in the Owing to the unique environment of the molecules in the 

surface layer an increase in surface area requires the work. surface layer an increase in surface area requires the work. 
This work referred to 1 mThis work referred to 1 m22 is called the is called the surface tensionsurface tension, , σσ. . 
Its unity is N/m or J/mIts unity is N/m or J/m22 (numerically the values in both units (numerically the values in both units 
are equal). are equal). 

Hence Hence the surface tensionthe surface tension may be regarded as force per may be regarded as force per 
unit length ( unit length ( σ = F / l ) or energy per unit area () or energy per unit area (σ = A / s ).).

Substances which greatly reduce the surface tension of a Substances which greatly reduce the surface tension of a 
solvent are called solvent are called surface active agentssurface active agents or or surfactantssurfactants. . 
The quantity The quantity 

g = -(dσ/dc)c→0

is usually taken as is usually taken as the the measure of surface activitymeasure of surface activity. . 
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Surface tensionSurface tension
With rise in temperatureWith rise in temperature the thermal motion of the molecules the thermal motion of the molecules 

becomes more energetic and, hence, becomes more energetic and, hence, adsorption decreasesadsorption decreases. . 
Surfactant moleculesSurfactant molecules content usually content usually hydrophobic hydrophobic 

hydrocarbon chains and hydrophilic groupshydrocarbon chains and hydrophilic groups: : ––COOH, COOH, ––OH, OH, ––
NHNH22, , ––SH, SH, ––CN, CN, ––NONO22, , ––SCN, SCN, ––CHO, CHO, ––SOSO33НН, , ––SOSO33NaNa, for , for 
instance sodium instance sodium nn--dodecylsulfatedodecylsulfate СС1212НН2525ООSONaSONa++ or or 
cetyltrimethylammoniumcetyltrimethylammonium bromide bromide CC1616HH3333N(CHN(CH33)Br)Br––..

The longer the hydrocarbon chainThe longer the hydrocarbon chain, , the greater is the the greater is the 
tendency for surfactant molecules to adsorb at the airtendency for surfactant molecules to adsorb at the air--water water 
surface and, hence, lower the surface tensionsurface and, hence, lower the surface tension. A rough . A rough 
generalisation, known as generalisation, known as Traube'sTraube's rulerule, is that for a particular , is that for a particular 
homologous series of surfactants the concentration required for homologous series of surfactants the concentration required for 
an equal lowering of surface tension in dilute solution an equal lowering of surface tension in dilute solution 
decreases by a factor of about 3 for each additional decreases by a factor of about 3 for each additional −−CHCH22−−
group.group.
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GibbsGibbs’’s equations equation
Adsorption of a solute in the surface layer of a solutionAdsorption of a solute in the surface layer of a solution is is 

described quantitatively by described quantitatively by GibbsGibbs’’s equations equation::

where dwhere dσσ/d/dcc is the change in the surface tension of the is the change in the surface tension of the 
solution with concentration solution with concentration cc; ; RR –– gas constant; gas constant; TT ––
absolute temperature. absolute temperature. 

This equation shows that when This equation shows that when σσ takes off with increasing takes off with increasing 
concentration, concentration, i.e., di.e., dσσ/d/dc c << 0, then 0, then ΓΓ >> 00, and the , and the 
concentration of solute is greater in the surface layer than in concentration of solute is greater in the surface layer than in 
the bulk of solution (the bulk of solution (positive adsorptionpositive adsorption). It is observed for ). It is observed for 
surfactant solutions. In the opposite case, i.e., surfactant solutions. In the opposite case, i.e., when dwhen dσσ/d/dc c >>0, 0, 
ΓΓ << 00, and the concentration is lower in the surface layer than , and the concentration is lower in the surface layer than 
in the bulk of the solution (in the bulk of the solution (negative adsorptionnegative adsorption).).

d
d

c
RT c

σ
Γ = − ⋅
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The The LangmuirLangmuir adsorption isothermadsorption isotherm
ChemisorptionChemisorption does not extend beyond does not extend beyond a single layer of a single layer of 

gas molecules on the surface of the solidgas molecules on the surface of the solid. . 
By supposing that By supposing that a a unimolecularunimolecular layer only of gas can be layer only of gas can be 

adsorbed on the surface of a solidadsorbed on the surface of a solid, in 1916 , in 1916 LangmuirLangmuir was was 
able to derive able to derive an adsorption isotherman adsorption isotherm relating the relating the pressure of pressure of 
the gas to the extent of adsorption, since it is applicable at the gas to the extent of adsorption, since it is applicable at 
constant temperatureconstant temperature..

The simplest physically plausible isotherm is based on The simplest physically plausible isotherm is based on 
four assumptionsfour assumptions: : 

1. All sites are equivalent and the surface is uniform (that 1. All sites are equivalent and the surface is uniform (that 
is, the surface is perfectly flat on a microscopic scale). is, the surface is perfectly flat on a microscopic scale). 

2. The ability of a molecule to adsorb at a given site is 2. The ability of a molecule to adsorb at a given site is 
independent of the occupation of independent of the occupation of neighbouringneighbouring sites (that is, sites (that is, 
there are no interactions between adsorbed molecules).there are no interactions between adsorbed molecules).
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The The LangmuirLangmuir adsorption isothermadsorption isotherm
3. Adsorption cannot proceed beyond monolayer coverage.3. Adsorption cannot proceed beyond monolayer coverage.
4. The free gas and the adsorbed gas are in dynamic 4. The free gas and the adsorbed gas are in dynamic 

equilibrium. The dynamic equilibrium is equilibrium. The dynamic equilibrium is 
G (gas) + M (surface) G (gas) + M (surface) ↔↔ GM (surface)GM (surface)

with rate constants with rate constants kkaa for adsorption and for adsorption and kkdd for for desorptiondesorption. . 
The constant of adsorption equilibrium is equalThe constant of adsorption equilibrium is equal

The rate of change of surface coverage due to adsorption is The rate of change of surface coverage due to adsorption is 
proportional to the partial pressure proportional to the partial pressure pp of gas and the number of of gas and the number of 
vacant sites. The vacant sites. The fractional coveragefractional coverage, , θθ = number of adsorption sites = number of adsorption sites 
occupied / number of adsorption sites available of the surface occupied / number of adsorption sites available of the surface 
depends on the pressure of the overlying gas. depends on the pressure of the overlying gas. 

a

d

kK
k

=
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The The LangmuirLangmuir adsorption isothermadsorption isotherm
The variation of The variation of θθ value with pressure at constant value with pressure at constant 

temperature is called the temperature is called the LangmuirLangmuir adsorption isothermadsorption isotherm::

where where AA∞∞ –– limiting monomolecular adsorption; limiting monomolecular adsorption; KK –– constant of adsorption constant of adsorption 
equilibrium; equilibrium; pp –– the partial pressure of gas; the partial pressure of gas; cc –– the substance concentration in the the substance concentration in the 
bulk phase; the  bulk phase; the  pp and and cc values are equilibrium ones.values are equilibrium ones.

The linear form of The linear form of LangmuirLangmuir adsorption isotherm is following:  adsorption isotherm is following:  

1
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The The LangmuirLangmuir adsorption isothermadsorption isotherm
The plot of The plot of LangmuirLangmuir adsorption isothermadsorption isotherm is presented is presented 

in the Figure.in the Figure.
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Figure.  The Langmuir adsorption isotherm
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Adsorption of electrolytesAdsorption of electrolytes
Strong electrolytes in aqueous solutions exist in the form of Strong electrolytes in aqueous solutions exist in the form of 

ions, therefore adsorption from such solutions is called an ions, therefore adsorption from such solutions is called an ion ion 
adsorptionadsorption. The ion adsorption proceeds due to a chemical . The ion adsorption proceeds due to a chemical 
interaction between ions of dissolved substance and solid interaction between ions of dissolved substance and solid 
surface of adsorbent. surface of adsorbent. 

Adsorption of ions may be classified by two typesAdsorption of ions may be classified by two types::
1) adsorption of ions on solid surfaces;1) adsorption of ions on solid surfaces;
2) ion exchange adsorption.2) ion exchange adsorption.
Adsorption on solid surfacesAdsorption on solid surfaces is caused by the adsorption of is caused by the adsorption of 

cationscations or anions and is described by or anions and is described by PanethPaneth--FajansFajans--HahnHahn
adsorption ruleadsorption rule for predicting which of several ions in for predicting which of several ions in 
solution will be preferentially adsorbed as solution will be preferentially adsorbed as counterionscounterions..
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Adsorption of electrolytesAdsorption of electrolytes
First ruleFirst rule.. Of two ions present at equal concentration, Of two ions present at equal concentration, 

the ion of higher charge is preferentially adsorbed. Of two the ion of higher charge is preferentially adsorbed. Of two 
ions of equal charge, the ion present at higher ions of equal charge, the ion present at higher 
concentration is preferentially adsorbed. concentration is preferentially adsorbed. 

Second ruleSecond rule.. Of two ions of equal charge at the same Of two ions of equal charge at the same 
concentration, the ion most strongly attracted by the lattice concentration, the ion most strongly attracted by the lattice 
ions is preferentially adsorbed. Stronger ions is preferentially adsorbed. Stronger interionicinterionic attraction attraction 
between adsorbed lattice ions and between adsorbed lattice ions and counterionscounterions is indicated is indicated 
by (a) lower solubility, (b) lesser degree of dissociation, (c) by (a) lower solubility, (b) lesser degree of dissociation, (c) 
greater greater covalencycovalency, or (d) greater electrical , or (d) greater electrical polarizabilitypolarizability of of 
the anion and greater polarizing character of the the anion and greater polarizing character of the cationcation..
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Adsorption of electrolytesAdsorption of electrolytes
SSolidolid phase of phase of adsorbentadsorbent absorbsabsorbs cationscations oror anionsanions fromfrom

thethe solutionsolution andand givesgives equivalentequivalent amountamount ofof ionsions ofof thethe
samesame signsign insteadinstead ofof themthem. . If the process of If the process of equivalentequivalent ion ion 
exchange has place, the aexchange has place, the adsorbentdsorbents are called s are called ionitesionites..

IonitesIonites classifiedclassified accordingaccording toto differentdifferent criteriacriteria::
1) 1) byby originorigin: : naturalnatural andand syntheticsynthetic;;
2) 2) by by thethe compositioncomposition:: thethe inorganicinorganic andand organicorganic;;
3) 3) by by thethe typetype ofof ionicionic groupsgroups: : cationitecationite ((acidacid ioniteionite)), , 

anioniteanionite ((basic basic ioniteionite) ) andand ampholyteampholyte. . TheThe latterlatter cancan
exchangeexchange both both cationscations andand anionsanions it is it is dependdepend fromfrom thethe
conditionsconditions..

4) 4) by by thethe degreedegree ofof ionizationionization ofof ionogenicionogenic groupsgroups: : 
strong and weak acid strong and weak acid cationitecationites or basic s or basic anioniteanionitess..
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Ion exchangeIon exchange
Ion exchange involvesIon exchange involves an electric double layer situation in an electric double layer situation in 

which two kinds of counterwhich two kinds of counter--ions are present, and can be ions are present, and can be 
represented by the equation:represented by the equation:

RA + B = RB + ARA + B = RB + A
where R is a charged porous solid. Counterwhere R is a charged porous solid. Counter--ions A and B ions A and B 

compete for position in the electric double layer around R, compete for position in the electric double layer around R, 
and, in this respect, concentration and charge number are of and, in this respect, concentration and charge number are of 
primary importance. R may be a primary importance. R may be a cationcation exchanger (fixed exchanger (fixed 
negatively charged groups, such as negatively charged groups, such as ––SOSO33

–– or or ––COOCOO––) or an ) or an 
anion exchanger (fixed positively charged groups, such as anion exchanger (fixed positively charged groups, such as ––
NHNH33

++). A range of highly porous synthetic ). A range of highly porous synthetic cationcation and anion and anion 
exchange resins are available commercially. The porosity of exchange resins are available commercially. The porosity of 
the resin facilitates fairly rapid ion exchange.the resin facilitates fairly rapid ion exchange.
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Ion exchangeIon exchange
The most important applications of ion exchangeThe most important applications of ion exchange are are 

the softening of water and the the softening of water and the ‘‘deionisationdeionisation’’ of waterof water..
In the first of these processesIn the first of these processes, hard water is passed , hard water is passed 

through a column of a through a column of a cationcation exchange resin usually exchange resin usually 
saturated with sodium countersaturated with sodium counter--ions. The doubly charged ions. The doubly charged 
(and, therefore, more strongly adsorbed) calcium ions in the (and, therefore, more strongly adsorbed) calcium ions in the 
water exchange with the singly charged sodium ions in the water exchange with the singly charged sodium ions in the 
resin, thus softening the water. Regeneration of the resin is resin, thus softening the water. Regeneration of the resin is 
effected by passing a strong solution of sodium chloride effected by passing a strong solution of sodium chloride 
through the column.through the column.
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Ion exchangeIon exchange
The The ‘‘deionisationdeionisation’’ of waterof water involves both anion and involves both anion and 

cationcation exchange. A exchange. A cationcation exchange resin saturated with exchange resin saturated with 
hydrogen ions and an anion exchange resin saturated with hydrogen ions and an anion exchange resin saturated with 
hydroxyl ions are used, often in the form of a mixed ion hydroxyl ions are used, often in the form of a mixed ion 
exchange resin. These hydrogen and hydroxyl ions exchange resin. These hydrogen and hydroxyl ions 
exchange with the exchange with the cationscations and anions in the water sample and anions in the water sample 
and combine to form water.and combine to form water.

Ion exchange has many preparative and analytical Ion exchange has many preparative and analytical 
uses; for example, the separation of the rare earths is uses; for example, the separation of the rare earths is 
usually achieved by usually achieved by cationcation exchange followed by elution of exchange followed by elution of 
their complexes with citric acid.their complexes with citric acid.
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Medical applications of activated carbonMedical applications of activated carbon
The first place among the adsorbents used in practice The first place among the adsorbents used in practice 

belongs to the different kinds of specially prepared carbons belongs to the different kinds of specially prepared carbons 
with exceptionally high porosity and, hence, a huge surface with exceptionally high porosity and, hence, a huge surface 
area. For instance, in 1 g of a highly adsorbing carbon area. For instance, in 1 g of a highly adsorbing carbon 
((activated carbon, also called activated charcoal or activated activated carbon, also called activated charcoal or activated 
coalcoal) the inner surface of the pores has a surface area of ) the inner surface of the pores has a surface area of 
400400--900 m900 m22. Besides the general degree of porosity, its . Besides the general degree of porosity, its 
character, i.e., the numbers of pores of different diameters, ischaracter, i.e., the numbers of pores of different diameters, is
of high significance in adsorption processes. of high significance in adsorption processes. 

In addition to activated carbon, other substances are used In addition to activated carbon, other substances are used 
as adsorbents for different purposes. Activated carbon is as adsorbents for different purposes. Activated carbon is 
frequently used in everyday life, in: industry, food production,frequently used in everyday life, in: industry, food production,
medicine, pharmacy, military, etc. These are mostly highly medicine, pharmacy, military, etc. These are mostly highly 
porous or finely divided materials, such as silica gel, porous or finely divided materials, such as silica gel, 
alumina, kaolin, and certain alumina, kaolin, and certain alumosilicatesalumosilicates. . 
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Medical applications of activated carbonMedical applications of activated carbon
Activated carbonActivated carbon is used to treat poisonings and overdoses is used to treat poisonings and overdoses 

following oral ingestion. It is thought to bind to poison and prfollowing oral ingestion. It is thought to bind to poison and prevent event 
its absorption by the gastrointestinal tract. In cases of suspecits absorption by the gastrointestinal tract. In cases of suspected ted 
poisoning, medical personnel administer activated charcoal on thpoisoning, medical personnel administer activated charcoal on the e 
scene or at a hospital's emergency department. In rare situationscene or at a hospital's emergency department. In rare situations s 
activated charcoal is used in intensive care to filter out harmfactivated charcoal is used in intensive care to filter out harmful ul 
drugs from the blood stream of poisoned patients. Activated drugs from the blood stream of poisoned patients. Activated 
charcoal has become the treatment of choice for many poisonings,charcoal has become the treatment of choice for many poisonings,
and other decontamination methods.and other decontamination methods.

While activated carbon is useful in acute poisoning, it has beenWhile activated carbon is useful in acute poisoning, it has been
shown to not be effective in long term accumulation of toxins, sshown to not be effective in long term accumulation of toxins, such uch 
as with the use of toxic herbicides.as with the use of toxic herbicides.

Tablets or capsules of activated charcoal are used in many Tablets or capsules of activated charcoal are used in many 
countries as an overcountries as an over--thethe--counter drug to treat diarrhea, indigestion, counter drug to treat diarrhea, indigestion, 
and flatulence. Activated charcoal is also used for bowel and flatulence. Activated charcoal is also used for bowel 
preparation by reducing intestinal gas content before abdominal preparation by reducing intestinal gas content before abdominal 
radiography to visualize bile and pancreatic and renal stones.radiography to visualize bile and pancreatic and renal stones.
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Practical application of adsorptionPractical application of adsorption
Adsorption has a wide variety of applications.Adsorption has a wide variety of applications. In In 

heterogeneous catalysisheterogeneous catalysis, both in the gaseous phase and in , both in the gaseous phase and in 
solution, adsorption of the reacting substances by a solid catalsolution, adsorption of the reacting substances by a solid catalyst is yst is 
of decisive importance. Solid adsorbents are also used in variouof decisive importance. Solid adsorbents are also used in various s 
processes of processes of purification of gases or liquidspurification of gases or liquids from undesirable from undesirable 
admixtures or impurities. Other examples are the many processes admixtures or impurities. Other examples are the many processes 
of, purification and drying of gases in industrial conditions, aof, purification and drying of gases in industrial conditions, and the nd the 
discoloration of solutions in the manufacturediscoloration of solutions in the manufacture of sugar, glucose, of sugar, glucose, 
petroleum products, certain pharmaceutical products, etc.petroleum products, certain pharmaceutical products, etc.

Adsorption is sometimes utilized to separate some valuable Adsorption is sometimes utilized to separate some valuable 
product from a gas mixture or solution;product from a gas mixture or solution; for example, in the for example, in the 
processes of recuperation of volatile solvents air containing thprocesses of recuperation of volatile solvents air containing the e 
vapor of the solvent to be recuperated (benzene, acetone, etc.) vapor of the solvent to be recuperated (benzene, acetone, etc.) is is 
passed through a layer of activated carbon or silica gel which passed through a layer of activated carbon or silica gel which 
adsorbs the vapor. By subsequently heating the adsorbent or adsorbs the vapor. By subsequently heating the adsorbent or 
sending water vapor through it, one obtains the solvent in the psending water vapor through it, one obtains the solvent in the pure ure 
form.form.
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Practical application of adsorptionPractical application of adsorption
Adsorption phenomena play an important part in dyeing Adsorption phenomena play an important part in dyeing 

processes.processes. For example, when wool is dyed, the dyeFor example, when wool is dyed, the dye--stuff stuff 
is first adsorbed, after which a chemical reaction takes is first adsorbed, after which a chemical reaction takes 
place in the adsorbed layer.place in the adsorbed layer.

The properties of many powdered materials,The properties of many powdered materials, in particular in particular 
building materials, can be radically changed by building materials, can be radically changed by the the 
adsorption of various substances.adsorption of various substances. This phenomenon, for This phenomenon, for 
instance, is at the basis of the instance, is at the basis of the hydrophobizationhydrophobization of cement of cement 
upon treatment with solutions of highupon treatment with solutions of high--molecular organic molecular organic 
acids, etc. Soils adsorb various dissolved substances from acids, etc. Soils adsorb various dissolved substances from 
natural waters.natural waters.



4444

ChromatographyChromatography
ChromatographyChromatography is a separation technique, which is is a separation technique, which is 

used for the separation of complex mixtures into their used for the separation of complex mixtures into their 
individual components and for determining quantitatively individual components and for determining quantitatively 
the amounts of those components. The most important the amounts of those components. The most important 
chromatographic methods are chromatographic methods are gas chromatography, highgas chromatography, high--
performance liquid chromatographyperformance liquid chromatography, and , and thinthin--layer layer 
chromatographychromatography. . 

Fundamentals of chromatographic separationsFundamentals of chromatographic separations..
Efficient separation of chemically similar compounds is only Efficient separation of chemically similar compounds is only 
possible through repeated use of separation steps. possible through repeated use of separation steps. 

Multiplicative separations can be undertaken using Multiplicative separations can be undertaken using 
chromatographic methods. It is estimated today that chromatographic methods. It is estimated today that 
approximately 60% of all analyses world wide can be approximately 60% of all analyses world wide can be 
attributed to chromatography. attributed to chromatography. 
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ChromatographyChromatography
The Russian botanist M.S. The Russian botanist M.S. TswettTswett introduced column introduced column 

chromatography in 1903chromatography in 1903. Using a packed column containing finely . Using a packed column containing finely 
dispersed calcium carbonate. He was able separate extracts of dispersed calcium carbonate. He was able separate extracts of 
leaf pigments, such as chlorophylls and the xanthophylls leaf pigments, such as chlorophylls and the xanthophylls 
spirilloxanthinspirilloxanthin. When doing so, he observed . When doing so, he observed coloredcolored zones on the zones on the 
column, which prompted him to create column, which prompted him to create the word chromatography the word chromatography 
(Greek (Greek chromachroma for for ‘‘colorcolor’’ and and grapheingraphein for for ‘‘writingwriting’’).).

The principle of chromatography is based on the passage of the The principle of chromatography is based on the passage of the 
constituents to be separated between two immiscible phases.constituents to be separated between two immiscible phases. For For 
this, the sample is dissolved in the this, the sample is dissolved in the mobile phasemobile phase, which can be a , which can be a 
liquid, a gas, or a supercritical phase, and moved across a liquid, a gas, or a supercritical phase, and moved across a 
stationary phasestationary phase, which can either be a solid or a liquid in a , which can either be a solid or a liquid in a 
column or on a solid surface. Due to the interactions of the column or on a solid surface. Due to the interactions of the 
constituents with the stationary and mobile phases they separateconstituents with the stationary and mobile phases they separate
after sufficient running time. after sufficient running time. 
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ChromatographyChromatography
A basic chromatographic process may be described as A basic chromatographic process may be described as 

followsfollows (see Figure below):(see Figure below):
1. A vertical hollow glass tube (the column) is filled with 1. A vertical hollow glass tube (the column) is filled with 

a suitable finely powdered solid, the stationary phase.a suitable finely powdered solid, the stationary phase.
2. At the top of this column is placed a small volume of 2. At the top of this column is placed a small volume of 

the sample mixture to be separated into individual the sample mixture to be separated into individual 
components.components.

3. The sample is then taken up by continuous addition of 3. The sample is then taken up by continuous addition of 
the mobile phase, which goes through the column by the mobile phase, which goes through the column by 
gravity, carrying the various constituents of the mixture gravity, carrying the various constituents of the mixture 
along with it. This process is called along with it. This process is called elutionelution. If the . If the 
components migrate at different velocities, they will components migrate at different velocities, they will 
become separated from each other and can be recovered, become separated from each other and can be recovered, 
mixed with the mobile phase.mixed with the mobile phase.
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ChromatographyChromatography

Figure. A basic experiment in chromatography. (a) The 
necessary ingredients (C, column; SP, stationary phase; 
MP, mobile phase; and S, sample); (b) introduction of the 
sample; (c) start of elution; (d) recovery of the products 
following separation.
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ChromatographyChromatography
Classification of column chromatographic methods Classification of column chromatographic methods 

according to the mobile or stationary phase is set out in according to the mobile or stationary phase is set out in 
Table: Table: 

Mobile phase Stationary phase
gaseous fluid liquid 

Solid GSC (gas-solid 
chromatography)

SFC 
(supercritical 

fluid 
chromatography)

LSC (liquid-
solid 

chromatography) 

Liquid GLC (gas-liquid 
chromatography)

 LLC (liquid-
liquid 

chromatography) 
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ChromatographyChromatography
The two most important separation principlesThe two most important separation principles in the in the 

passage between the mobile and the stationary phase are passage between the mobile and the stationary phase are 
distributiondistribution and and adsorptionadsorption. Adsorption chromatography . Adsorption chromatography 
is based on the direct interaction of the is based on the direct interaction of the analyteanalyte with the with the 
surface of the stationary backsurface of the stationary back--up phase, as for instance in up phase, as for instance in 
GSC or LSC. Distribution chromatography is linked to the GSC or LSC. Distribution chromatography is linked to the 
presence of an immobilized liquid stationary phase (GLC, presence of an immobilized liquid stationary phase (GLC, 
LLC).LLC).

Liquid chromatographyLiquid chromatography can be undertaken on a column can be undertaken on a column 
or on a plan. Thus, the basic physicochemical principles or on a plan. Thus, the basic physicochemical principles 
are also valid for methods of planar chromatography. Gas are also valid for methods of planar chromatography. Gas 
chromatographic methods are limited to column chromatographic methods are limited to column 
chromatography. chromatography. 
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ChromatographyChromatography

The identification of a compound by chromatography is The identification of a compound by chromatography is 
achieved by comparison:achieved by comparison: to identify a compound which to identify a compound which 
may be A or B, a solution of this unknown is run on a may be A or B, a solution of this unknown is run on a 
column. column. 

Next, its retention time is compared with those for the Next, its retention time is compared with those for the 
two reference compounds A and B previously recorded two reference compounds A and B previously recorded 
using the same apparatus and the same experimental using the same apparatus and the same experimental 
conditions. conditions. 

The choice between A and B for the unknown is done by The choice between A and B for the unknown is done by 
comparison of the retention times.comparison of the retention times.
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ChromatographyChromatography
Nowadays chromatographic techniques are piloted by Nowadays chromatographic techniques are piloted by 

computer software,computer software, which operate highly efficient miniature which operate highly efficient miniature 
columns able to separate columns able to separate nanonano--quantities of sample. These quantities of sample. These 
instruments comprise a complete range of accessories instruments comprise a complete range of accessories 
designed to assure reproducibility of successive designed to assure reproducibility of successive 
experiments by the perfect control of the different experiments by the perfect control of the different 
parameters of separation. parameters of separation. 

Thus it is possible to obtain, during successive analyses Thus it is possible to obtain, during successive analyses 
of the same sample conducted within a few hours, of the same sample conducted within a few hours, 
recordings that are reproducible to within a second (see recordings that are reproducible to within a second (see 
Figure below).Figure below).



5252

ChromatographyChromatography

Figure. The principle of analysis by chromatography. The chromatogram, the 
essential graph of every chromatographic analysis, describes the passage of 
components. It is obtained from variations, as a function of time, of an electrical 
signal emitted by the detector. It is often reconstructed from values that are 
digitized and stored to a microcomputer for reproduction in a suitable format for the 
printer (a). For a long time the chromatogram was obtained by a simple chart 
recorder or an integrator (b). Right, a chromatogram illustrating the separation of a 
mixture of at least three principal components. Note that the order of appearance of 
the compounds corresponds to the relative position of each constituent on the 
column.
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ChromatographyChromatography
The essential recording that is obtained for each The essential recording that is obtained for each 

separation is called a separation is called a chromatogramchromatogram.. It corresponds to a It corresponds to a 
twotwo--dimensional diagram traced on a chart paper or a dimensional diagram traced on a chart paper or a 
screen that reveals the variations of composition of the screen that reveals the variations of composition of the 
eluting mobile phase as it exits the column. eluting mobile phase as it exits the column. 

To obtain this document, a sensor, of which there exists To obtain this document, a sensor, of which there exists 
a great variety, needs to be placed at the outlet of the a great variety, needs to be placed at the outlet of the 
column. The detector signal appears as the ordinate of the column. The detector signal appears as the ordinate of the 
chromatogram while time or alternatively elution volume chromatogram while time or alternatively elution volume 
appears on the abscissa.appears on the abscissa.
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Application of gasApplication of gas--liquid chromatographyliquid chromatography.. It can be used It can be used 

to assess the purity of a substance, or for the preparative to assess the purity of a substance, or for the preparative 
isolation of substances from a mixture. The analytical chemist iisolation of substances from a mixture. The analytical chemist is s 
primarily interested in the application of gas chromatography foprimarily interested in the application of gas chromatography for r 
qualitative and quantitative analysis. qualitative and quantitative analysis. 

SizeSize--exclusion chromatography (also known as gel exclusion chromatography (also known as gel 
chromatography, is a particular from of liquid chromatography: chromatography, is a particular from of liquid chromatography: it it 
is based on the separation of molecules due to their sizeis based on the separation of molecules due to their size)  )  
serves for the analysis of substances with relative molecular serves for the analysis of substances with relative molecular 
masses greater than 2000. Thus, proteins can be separated masses greater than 2000. Thus, proteins can be separated 
from amino acids and smaller peptides. Gel permeation serves from amino acids and smaller peptides. Gel permeation serves 
for the separation of for the separation of homologshomologs and and oligomersoligomers, for example , for example fathyfathy
acids with relative molecular masses in the range between 100 acids with relative molecular masses in the range between 100 
and 350. For this, a polymer with an exclusion limit of mass 100and 350. For this, a polymer with an exclusion limit of mass 1000 0 
is selected. is selected. 
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ChromatographyChromatography
Supercritical fluid chromatographySupercritical fluid chromatography is used to analyze is used to analyze 

natural products, drugs, foodstuffs, pesticides, surfactants, natural products, drugs, foodstuffs, pesticides, surfactants, 
polymers, additives, crude oil, and explosives. polymers, additives, crude oil, and explosives. 

GasGas chromatographychromatography hashas beenbeen widelywidely usedused inin medicinemedicine
forfor thethe determinationdetermination ofof manymany drugsdrugs contentcontent, , products of products of 
theirtheir metabolismmetabolism, , levelslevels ofof fattyfatty acidsacids, , cholesterolcholesterol, , steroidssteroids
inin thethe diseaseddiseased organism, etc.organism, etc. TheseThese analyzesanalyzes provideprovide
importantimportant informationinformation aboutabout thethe statestate ofof humanhuman healthhealth, , 
diseasedisease, , thethe effectivenesseffectiveness ofof thethe useuse ofof certaincertain drugsdrugs..

AsAs anan exampleexample,, inin FigFigureure below  gbelow  gasas--liquidliquid
chromatogramchromatogram of of purulentpurulent lunglung secretionssecretions ofof thethe patientpatient
affectedaffected byby anaerobicanaerobic infectioninfection beforebefore andand afterafter treatmenttreatment
withwith cephalosporincephalosporin antibioticantibiotic is is shownshown..
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aa bb
Figure. CFigure. Chromatogramhromatogram of pus from pleural cavity at of pus from pleural cavity at 

anaerobicanaerobic sepsis: sepsis: aa –– beforebefore and and bb –– afterafter treatmenttreatment; ; 11 ––
acetic acid; acetic acid; 22 –– propionicpropionic acid; acid; 33 –– butyric acid; butyric acid; 44 ––
isovalericisovaleric acid.acid.

AfterAfter twotwo weeksweeks ofof treatmenttreatment allall acidsacids disappeareddisappeared
exceptexcept acetateacetate whichwhich isis a a naturalnatural metabolitemetabolite. . ThusThus, , thethe gasgas--
liquidliquid chrochromatographychrochromatography becomesbecomes a a valuablevaluable methodmethod forfor
monitoringmonitoring clinicalclinical coursecourse ofof thethe treatmenttreatment processprocess..
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MacromoleculesMacromolecules
Properties of PolymersProperties of Polymers

A polymerA polymer is a molecular compound distinguished by a 
high molar mass, ranging into thousands and millions of 
grams, and made up of many repeating units. 

The physical properties of these so-called 
macromoleculesmacromolecules differ greatly from ordinary molecules. 

Naturally occurring polymers include proteins, nucleic acids, 
cellulose (polysaccharides), and rubber (polyisoprene). 

Most synthetic polymers are organic compounds. Familiar 
examples are nylon, poly(hexamethylene adipamide); Dacron, 
poly(ethylene terephthalate); and Lucite or Plexiglas, poly(methyl
methacrylate).
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Synthetic Organic PolymersSynthetic Organic Polymers
Synthetic polymersSynthetic polymers are created by joining monomers 

together, one at a time, by means of (1) addition reactions and 
(2) condensation reactions.

Polyethylene, a very stable polymer is made by joining ethylene 
monomers via an addition-reaction mechanism. First an  initiator molecule 
(R2) is heated to produce two radicals:

The reactive radical attacks an ethylene molecule to generate a new 
radical:

which further reacts with another ethylene molecule, and so on:
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Eventually, this process is terminated by the combination of two long-
chain radicals to give the polymer called polyethylene:

is a convenient shorthand convention for representing 
the repeating unit in the polymer. The value of n is understood to be very 
large, on the order of hundreds.

Polyethylene is an example of a a homopolymerhomopolymer, which is a polymer 
made up of only one type of monomer. Other homopolymers that are 
synthesized by the radical mechanism are Telfon, polytetrafluoroethylene
and poly(vinyl chloride) (PVC):
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Natural rubber is poly-cis-isoprene, which is extracted from the tree 
Hevea brasiliensis (Figure).

Figure. Latex (aqueous suspension 
of rubber particles) being collected 
from a rubber tree.
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The elastic property of rubberThe elastic property of rubber is due to the flexibility of its long-chain 
molecules. 

In the bulk state, however, rubber is a tangle of polymeric chains, and if 
the external force is strong enough, individual chains slip past one another, 
thereby causing the rubber to lose most of its elasticity. 

In 1839, Charles Goodyear  discovered that natural rubber could be natural rubber could be 
crosscross--linked with sulfurlinked with sulfur (using zinc oxide as the catalyst) to prevent 
chain slippage (Figure). Process, known as vulcanizationProcess, known as vulcanization, paved the way 
for many practical and commercial uses of rubber, such as in automobile tires and 
dentures.

Figure. Rubber molecules ordinarily are 
bent and convoluted. 
Parts (a) and (b) represent the long 
chains before and after vulcanization, 
respectively; 
(c) shows the alignment of molecules 
when stretched. 
Without vulcanization these molecules 
would slip past one another, and 
rubber’s elastic properties would be 
gone.
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Proteins
Proteins are polymers of amino acidsProteins are polymers of amino acids. 
EnzymesEnzymes, the catalysts of biochemical reactions, are mostly are mostly 

proteinsproteins. Proteins also facilitate a wide range of other functions, such
as transport and storage of vital substances, coordinated motion, 
mechanical support, and protection against diseases. 

The human body contains an estimated 100,000 different 
kinds of proteins, each of which has a specific physiological 
function. The chemical composition and structure of these complex 
natural polymers are the basis of their specificity.

ProteinsProteins have high molar masses, ranging from about 5000 g to 1·107 g, 
and yet the percent composition by mass of the elements in proteins is 
remarkably constant: carbon, 50 - 55 %; hydrogen, 7 %; oxygen, 23 %; 
nitrogen, 16 %; and sulfur, 1 %.
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Amino Acids
The basic structural units of proteins are amino acids. 
An amino acid is a compound that contains at least one amino group

and at least one carboxyl group                 .

Twenty different amino acidsTwenty different amino acids are 
the building blocks of all the 
proteins in the human body. 

Amino acids in solution at neutral pH exist as dipolar ions, meaning that the 
proton on the carboxyl group has migrated to the amino group. 

Glycine, the simplest amino acid.
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The first step in the synthesis of a protein molecule is a The first step in the synthesis of a protein molecule is a 
condensation reactioncondensation reaction between an amino group on one amino acid and 
a carboxyl group on another aminoacid. 

The molecule formed from the two amino acids is called a The molecule formed from the two amino acids is called a 
dipeptidedipeptide,, and the bond joining them together is a peptide bondthe bond joining them together is a peptide bond:

The type and number of amino acids in a given protein along with the 
sequence or order in which these amino acids are joined together
determine the proteinthe protein’’s structures structure. 

Protein Structure
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There are two common structures for protein moleculesThere are two common structures for protein molecules, called the 
α-helix and the β-pleated sheet. The α-helical structure of a polypeptide 
chain is shown in Figure. 

Figure. The α-helical structure of a 
polypeptide chain. 

The gray spheres are hydrogen atoms. 

The structure is held in position by 
intramolecular hydrogen bonds, shown as 
dotted lines. 
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The β-pleated structure is markedly different from the α-helix in that it is 
like a sheet rather than a rod. 

The polypeptide chain is almost fully extended, and each chain forms 
many intermolecular hydrogen bonds with adjacent chains. Figure shows 
the two different types of the two different types of ββ--pleated structurespleated structures, called  parallel and  parallel and  
antiparallelantiparallel. . 

Figure. Hydrogen bonds (a) in a parallel β-pleated sheet structure, in which all 
the polypeptide chains are oriented in the same direction, and (b) in an 
antiparallel β-pleated sheet, in which adjacent polypeptide chains run in opposite 
directions.
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Protein structure is divided into four levels of organization. Protein structure is divided into four levels of organization. 

The primary structureThe primary structure refers to the unique amino acid sequence of the 
polypeptide chain. 

The  secondary structureThe  secondary structure includes those parts of the polypeptide chain that are 
stabilized by a regular pattern of hydrogen bonds between the CO and NH groups of 
the backbone, for example, the  α-helix. 

The term  tertiary structureThe term  tertiary structure applies to the three-dimensional structure 
stabilized by dispersion forces, hydrogen bonding, and other intermolecular forces. 
It differs from secondary structure in that the amino acids taking part in these 
interactions may be far apart in the polypeptide chain. A protein molecule may be 
made up of more than one polypeptide chain. Thus, in addition to the various 
interactions  within a chain that give rise to the secondary and tertiary structures, we 
must also consider the interaction between chains. 

The overall arrangement of the polypeptide chains is called the  quaternary the  quaternary 
structurestructure. For example, the hemoglobin molecule consists of four separate
polypeptide chains, or subunits. These subunits are held together by van der Waals
forces and ionic forces (Figure).
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Figure. The primary, secondary, tertiary, and quaternary structure of 
the hemoglobin molecule.
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Nucleic Acids
Nucleic acids are  high molar mass polymers that play an essentiNucleic acids are  high molar mass polymers that play an essential al 

role in protein synthesisrole in protein synthesis. 

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are the two 
types of nucleic acid. 

DNA molecules are among the largest molecules known; they have 
molar masses of up to tens of billions of grams. On the other hand, RNA 
molecules vary greatly in size, some having a molar mass of about 25,000 
g. 

Compared with proteins, which are made of up to 20 different amino 
acids, nucleic acids are fairly simple in composition. A DNA or RNA A DNA or RNA 
molecule contains only four types of building blocksmolecule contains only four types of building blocks: purines, 
pyrimidines, furanose sugars, and phosphate groups (Figure). Each purine
or pyrimidine is called a base.
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The DNA molecule has two helical strands. Each strand is made up of  Each strand is made up of  
nucleotides, which  consist of a base, a nucleotides, which  consist of a base, a deoxyribosedeoxyribose, and a , and a 
phosphate group linked togetherphosphate group linked together (Figure).

Figure. Structure of a nucleotide, 
one of the repeating units in DNA.

An electron micrograph of a DNA 
molecule. The double-helical structure is 
evident. If the DNA molecules from all the 
cells in a human were stretched and 
joined end to end, the length would be 
about 100 times the distance from Earth 
to the sun!
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The key to the double-helical structure of DNA is the formation of hydrogen the formation of hydrogen 
bonds between bases in the two strands of a molecule.bonds between bases in the two strands of a molecule.

Although hydrogen bonds can form between any two bases, called base 
pairs, the most favorable couplings are between adenine and thymine andthe most favorable couplings are between adenine and thymine and
between cytosine and guaninebetween cytosine and guanine (Figure). 

Note that this scheme is consistent with Chargaff’s rules, because every 
purine base is hydrogen-bonded to a pyrimidine base, and vice versa (A+G = 
C+T). Other attractive forces such as dipole-dipole interactions and van der
Waals forces between the base pairs also help to stabilize the double helix.

Figure. (a) Base-pair 
formation by adenine 
and thymine and by 
cytosine and guanine. 
(b) The double-helical 
strand of a DNA 
molecule held together 
by hydrogen bonds 
(and other 
intermolecular forces) 
between base pairs A-
T and C-G.
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The structure of RNA differs from that of DNA in several respectThe structure of RNA differs from that of DNA in several respects.s.
First,First, as shown in Figure above (Figure. The components of the nucleic acids 
DNA and RNA), the four bases found in RNA molecules are adenine, 
cytosine, guanine, and uracil. 

Second,Second, RNA contains the sugar ribose rather than the 2-deoxyribose 
of DNA. 

Third,Third, chemical analysis shows that the composition of RNA does not 
obey Chargaff’s rules. In other words, the purine-to-pyrimidine ratio is not 
equal to 1 as in the case of DNA. This and other evidence rule out a 
double-helical structure. 

In fact, the RNA molecule exists as a singleIn fact, the RNA molecule exists as a single--strand strand 
polynucleotide.polynucleotide. There are actually three types of RNA molecules-
messenger RNA (mRNA), ribosomal RNA (rRNA), and transfer RNA 
(tRNA). These These RNAsRNAs have similar nucleotides but differ from one have similar nucleotides but differ from one 
another in molar mass, overall structure, and biological functioanother in molar mass, overall structure, and biological functions.ns.
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