Adsorption at the solid/gas interface

Introduction
Many physical and chemical processes occur at different interfaces.
Adsorption (not to be confused with absorption) is one of the main
and basic surface phenomena.

Adsorption is found to occur in many natural physical, biological, and
chemical systems.
It is widely used in laboratory research and industrial applications.
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Solid surfaces show strong affinity for gas molecules that come in contact with them,
and some of them are trapped on the surface.

In adsorption process spontaneous
accumulation of a gas or vapour
(adsorbate) takes place at the solid
surface (adsorbent or substrate) as
compared to the bulk phase.

Fig. 1. Adsorption of gas molecules on the particle of adsorbent.

The reverse process of adsorption is called desorption.
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1. Adsorption process
Adsorption - a spontaneous
accumulation of a gas or vapour
(adsorbate) at the solid surface
(adsorbent or substrate) as
compared to the bulk phase.

Adsorbent - a solid on which

Adsorbate - a substance (gas

adsorption occurs (usually it is a
porous material of a large specific
surface (m2/g)).

or vapour) which is adsorbed on a
solid surface (adsorbent).

Absorption - a process in
which a gas diffuses into
the solid absorbing medium.

It is often difficult to find the
difference between adsorption and
absorption, and that is why the
term sorption is used.
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The amount of the substance adsorbed at equilibrium depends on:
♦ temperature

♦ gas vapour pressure
♦ specific surface area of the solid (adsorbent).

The nature of a solid or gas also plays a significant role.
The nature of the adsorbent has a profound effect on the adsorption process.
The basic feature of a good adsorbent is a large specific surface area.
The bigger the surface area, the more molecules are trapped on its surface.
Generally, this means that a good adsorbent is very porous.
The specific area of an adsorbent is the surface area available for adsorption per
gram of the adsorbent.
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Adsorption isotherm
The relationship at a constant temperature between the equilibrium
adsorbed amount of gas adsorbed and the gas pressure

Adsorption reduces the imbalance of attractive forces which exists at the surface,
and hence the surface free energy of a heterogeneous system is formed.

Accordingly, in a solid-gas system the relations expressing energy changes are
similar to those in a liquid-gas system. The main difference in the discussed
system is surface heterogeneity with regard to energy.
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In the case of solid/gas adsorption, the Gibbs surface is equivalent to the adsorbent surface,
and there is no need to insert hypothetical surface as in the case of liquid/gas system.
However, in this system one can consider an interfacial layer consisting of two regions:
• adsorption space – the part of the gas phase residing in the force field of the adsorbent surface
• the surface layer of solid adsorbent.
Schematic concentration profile of substance at solid/gas interface as a function of the distance
from the solid surface is present in Fig. 1.1.

Fig. 1.1. Adsorption at the solid/gas interface.
Concentration profile of substance i as a function of the
distance from the solid surface in the real system and in the
reference system (the overlaped systems. The surface
excess amount is given by the shaded area.
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The surface excess amount of the adsorbed gas (Gibbs adsorption) niσ is
the excess number of moles of that substance present in the real system over the
number present in a reference system, where adsorption does not appear at the same
equilibrium gas pressure.
The excess number of moles niσ can be calculated in the following way:

n iσ = ∫ (csi − cig )dV + ∫ csidV

(1)

where

∫ (ci − ci )dV is the adsorption space,
s

g

s
∫ ci dV is the surface layer of the adsorbent,

c si is the local concentration of substance i in a volume element dV of the interfacial layer,

c ig is the concentration of that substance in the bulk phase.
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The second term of equation (1) is usually assumed to be zero, and hence:

n iσ = ∫ (csi − cig )dV

(2)

For a gas mixture the total surface excess amount is given by the sum of the
surface excess amount of adsorbed individual components:

n σ = ∑ n iσ

(3)

i

If niσ is the surface excess of substance i per 1 g of adsorbent whose specific surface area
is s, then
σ
n
Γiσ = i
s

(4)
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The quantity of adsorbed moles niσ is given as

n iσ = n i − cig V g

(5)

where ni is the total number of moles of substance i in the system, cig is its concentration in the gas phase,
Vg is the volume of gas at equilibrium with the adsorbent.

Apart from the surface excess it is possible to determine the total amount of
substance i in the surface layer with reference to 1 g of adsorbent nis defined as:

n si = ∫ csidV
s
V

(6)

where Vs = lss is the volume of the interfacial layer, practically it is the volume of the adsorbed layer,
ls is the thickness of the adsorbed layer, s is the specific area of the adsorbent.
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The quantity nis can be conveniently defined as:

n si = n iσ + c ig V s ,g

(1)

where Vs,g is the volume of the adsorption layer.

When adsorption of substance i is appreciable and its equilibrium pressure is sufficiently small,
the term cigVs,g in equation (1) is negligibly small, then:

n si ≈ n iσ

(2)

Such approximation is justified in the system under normal (low) pressure.

In studies of adsorption at the solid/gas (vapour) interface various symbols have been
used to denote the amount of adsorption, e.g. the symbol a (mol/g) or the symbol v
(cm3/g). So, we assume that:

n si = a

(3)
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2. Physical and chemical adsorption
The adsorption process is generally classified as either
♦ physisorption (physical adsorption) or
♦ chemisorption (chemical adsorption).
Physisorption is the most common form of adsorption.

Physisorption (physical adsorption)
„Adsorption in which the forces involved are intermolecular forces (van der Waals
forces) of the same kind as those responsible for the imperfection of real gases and the
condensation vapours, and which do not involve a significant change in the electronic
orbital patterns of the species involved”.

Chemisorption (chemical adsorption)
„Chemisorption (or chemical adsorption) is adsorption in which the forces involved are
valence forces of the same kind as those operating in the formation of chemical
compounds”.
[IUPAC Compendium of Chemical Terminology 2nd Edition (1997)]
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The problem of distinguishing between chemisorption and physisorption is basically
the same as that of distinguishing between chemical and physical interaction in general.

The principal differeces between chemisorption and physisorption:
♦

heat of adsorption (enthalphy of adsorption)

♦

reversibility

♦

thickness of the adsorbed layer
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Comparison between physisorption and chemisorption
Physisorption

Chemisorption

Low enthalpy of adsorption (5–50 kJ/mol)

High enthalpy of adsorption (200–400 kJ/mol)

This process is reversible

This process is irreversible

Intermolecular forces of attraction are van der Waals
forces, hydrogen bonding, etc.

Valence forces of attraction are chemical bond forces

Multi-molecular layers may be formed

Generally, monomolecular layer is formed

This process is observed under conditions of low
temperature

This process takes place at high temperatures

It is not specific

It is highly specific

Fig. 1.2. Physisorption

Fig. 1.3. Chemisorption

Adsorption at the solid/gas interface

Physisorption
WEAK, LONG RANGE BONDING
Van der Waals interactions (e.g. London dispersion, dipoledipole), hydrogen bonding.
NOT SURFACE SPECIFIC
Physisorption takes place between all molecules on any surface
providing the temperature is low enough.
∆Hads = 5–50 kJ/mol
Non activated with equilibrium achieved relatively quickly.
Increasing temperature always reduces surface coverage.
No surface reactions.
MULTILAYER ADSORPTION
BET isotherm used to model adsorption equilibrium
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Chemisorption
STRONG, SHORT RANGE BONDING
Chemical bonding invoving orbital overlap and change transfer
SURFACE SPECIFIC
e.g. chemisorption of hydrogen takes place on transition metals
but not gold and mercury
∆Hads = 50–500 kJ/mole
Can be activated, in which case equilibrium can be slow and
increasing temperature can favour adsorption

Surface reactions may take place: dissociation, reconstruction,
catalysis
MONOLAYER ADSORPTION
Langmuir isotherm used to model equlibrium
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Thermodynamic consideration
A spontaneous process requires ∆G < 0.
∆S is negative for the adsorbate
Therefore, from
∆G = ∆H–T∆
∆S
In order for ∆G be nagative
∆H must be negative
i.e. the process should be exothermic and
the degree of adsorption increases with
decreasing temperature
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3. Equilibrium of adsorption
Between the adsorbate and adsorbent dynamic equilibrium is established, which
results from equalization of the number of adsorbed molecules with that of molecules
undergoing desorption:

A ↔ Aads

where A are the adsorbate molecules in the gas phase, Aads are in the adsorbed state.

This follows as in the same time unit the same number of adsorbate molecules is
undergoing adsorption and desorption.
As adsorption measure the amount of the adsorbed substance i is assumed that is
expressed in grams, moles or cm3 per the adsorbent mass unit.
In adsorption equilibrium these quantities depend on the gas and temperature
pressure.
Equilibrium constant of adsorption Kads can be rewritten as:

K ads =

[ A ads ]
[A]

(1)
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Adsorption equilibrium is established after considerable adsorption of the gas on the
adsorbent surface, and can be written as a general equation:

a = f (p, T )

f (a , p, T ) = 0

(2)

where a is the quantity of gas adsorbed on the surface per 1 g (or mol) of the adsorbent, p is the equilibrium
pressure of the gas in the bulk phase (the equilibrium pressure), and T is the temperature.
or

When studying adsorption equilibrium one of the parameters remains unchanged,
depending which of the variables is left on the constant level, we obtain:
♦ adsorption isotherm (T = const) – a = f (p)T
♦ adsorption isobar (p = const) – a = f(T)p
♦ adsorption isostere (a = const) – p = f(T)a
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Adsorption isotherm
T = const
An adsorption isotherm for a single
gaseous adsorbate on a solid is the
function which relates at constant
temperature the amount of substance
adsorbed at equilibrium to the pressure
(or concentration) of the adsorptive in
the gas phase. The surface excess
amount rather than the amount adsorbed
is the quantity accessible to experimental
measurement, but, at lower pressures,
the difference between the two quantities
becomes negligible.

Fig. 1.4. Isotherms of adsorption

The degree of adsorption increases
with the decreasing temperature.
[http://www.iupac.org/goldbook/A00165.pdf]
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Adsorption isobar
p = const
The function relating the amount, mass
or volume, or corresponding excess of
substance adsorbed by a given amount of
solid, to the temperature at constant
pressure.

Fig. 1.5. Isobars of adsorption

The degree of adsorption increases
with the increasing pressure
[http://www.iupac.org/goldbook/A00165.pdf]
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Adsorption isostere
a = constant
The function relating the equilibrium
pressure to the temperature at a constant
value of the amount, or excess amount
of substance adsorbed by a given amount
of solid.

Fig. 1.6. Isosteres of adsorption

The degree of adsorption increases
with increasing pressure
[http://www.iupac.org/goldbook/A00165.pdf]
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4. Henry’s equation
Adsorption equilibrium can be considered according to the scheme:

Molecule
in the gas phase

Molecule on the adsorbent
(adsorption complex)

⇔

On homogeneous surface the concentration of adsorbate in the surface layer is constant over
the whole surface. The equilibrium condition in such system is given by:

f scs
=K
fc

(3)

where cs is the adsorbate concentration in the surface layer (surface concentration), c is the adsorbate
concentration in the gas phase fs and f are the activity coefficients in the surface layer and in the gas phase,
K is the equilibrium constant, which is a function of temperature only.

cs =

Kf
c
s
f

Equation (4), relating cs to c at T = const, is the adsorption isotherm.

(4)
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Because the activity coefficients fs and f are concentration dependent, therefore the adsorption
isotherm is nonlinear.
At low concentration of adsorbate (gas pressure up to 105 N/m2) we can also assume
that f = fs = 1, and then

cs = Kc

(5)

On applying the ideal gas equation (pV=nRT ⇒ p=(n/V) RT and c=n/V) c = p/RT one obtains:

K
c =
p
RT
s

(6)

Instead of the surface concentration it is possible to calculate the total amount a of adsorbate
(mol/g) in the volume of the surface layer Vs = s ls (s is the specific surface area of adsorbent
and ls is the thickness of the surface layer): a = Vscs = s lscs
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In the studies of adsorption process, besides the value a (mol/g), the adsorbed amount,
the amount of adsorption per unit area as (µmol/cm2), or number of molecules per nm2
is also used:
a s s
s
a = =l c
(7)

s

Substituting a suitable dependence it is easy to show that:

K
a = V Kc = V
p
RT
s

s

(8)

For a given adsorption system at T = const, Vs and K are also constant, therefore:

Vs
and
or
K a ,p
where K a s ,p =
s

K
= Ka ,p
RT

(9)

a = Ka ,pp

(10)

a s = K a s ,p p

(11)
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It follows from equations (6), (10) and (11) that at low pressure a (the amount per 1 g of
adsorbent) and as (the amount per unit surface area) are proportional to the concentration
or pressure of gas in the gas phase.
This adsorption law is formally identical with the well known Henry law for gas absorption in
liquids (which, in turn, is the consequence of the more general Nernst partition law):

vabs = K p (Henry law for gas absorption)
Equations (6), (10) and (11) present different forms of the simplest adsorption isotherm
equation known as the Henry’s adsorption isotherm, and the corresponding constant is
called the Henry’s constant.

It was found that at room temperature, when the gas pressure does not exceed atmospheric
pressure, the adsorption isotherms for argon, nitrogen and oxygen on activated carbon,
silica gel and diatomaceous earth were linear.
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Instead of the surface concentration cs or the total adsorbed amount a the fractional coverage of
a surface defined by the quantity θ (the surface coverage) is often used.
surface coverage θ
The number of adsorbed molecules on a surface divided by the number of molecules in a
filled monolayer on that surface:

θ=

number of occupied adsorption sites
total number of possible sites
cs a
as
θ= s =
= s
cm a m a m

(12)

where , cms, am and ams are the quantities corresponding to the complete
coverage of the adsorbent surface by the filled monolayer of the adsorbate.
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The Henry’s adsorption isotherms (equations (6), (10) and (11)) can be expressed in term of
surface coverage:

K a s ,p
K a ,p
K
θ= s
p=
p= s p
c m RT
am
am

(13)

This means that the coverage of the adsorbent surface in the Henry’s region
is proportional to the pressure of the adsorbate in the gas phase.

5. Freundlich adsorption isotherm
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In 1895 Boedecker proposed an empirical equation for the adsorption isotherm in the following form:

a = kp1 / n

(1)

where k, n are the constants whose values depend upon adsorbent and gas at a given temperature.

This equation is known as the Freundlich adsorption equation because Freundlich popularized its
application.

The Freundlich’s isotherm reminds that of
the Langmuir one, however, it differs by a
lack of the straight proportionality line
between the amount of the adsorbed
substance a, the gas pressure p in the range
of low pressures:

Fig. 1.7. Freundlich isotherm.

d a n −1
≈e
dp
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Taking both log sides of the Freundlich equation, we get:

log a = log k + 1 / n log p

(2)

Plotting graph between log a
and log p, we get a straight line
with the slope value equal to 1/n
and log k as y-axis intercept.

Fig. 1.8. Determination of the constant from
the logaritmic form of Freundlich isoterm.
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The value n changes from 0.2 to 0.9 and increases with temperature increase to 1.
The value k changes within a wide range depending on the kind of adsorbent and
adsorbed substance.
In contrast to the theoretically justified the Langmuir isotherm, the Freundlich isotherm is
of a purely empirical character.
The Freundlich isotherm differs also from the Langmuir one in a limited application range.
It cannot be used for a straight linear isotherm part occurring either at low pressures as the
value n =1 should be then assumed, or at high pressures as the curve increases
unreservedly, whereas a surface has a limited value and it must be in the condition of
saturation.
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The Freundlich equation is simple, however, it does not exactly describe the isotherm in a
wide pressure range.
It was rather used to describe adsorption qualitatively.
Then the equation appeared to be sometimes useful in theoretical considerations and it
can be derived using the methods of statistical mechanics.

Limitation of the Freundlich adsorption isotherm:
♦ It is applicable within certain limits of pressure. At higher pressure it shows deviations.

♦ The values of constants k and n change with the temperature.
♦ The Freundlich isotherm is an empirical one and it does not have any theoretical basis.
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6. Langmuir theory and adsorption isotherm

In 1916, Irving Langmuir published a new model isotherm for gases adsorbed onto
solids, which retained his name.

The Langmuir adsorption model is the most common one used to quantify the amount
of adsorbate adsorbed on an adsorbent as a function of partial pressure at a given
temperature.
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The Langmuir adsorption isotherm is based on the following assumptions.
1. The adsorbent surface consists of a certain number of active sites (proportional to the
surface area), at each of which only one molecule may be adsorbed.

Each adsorbate molecule occupies only one site

2. No lateral interaction between the adsorbed molecules, thus the heat of adsorption is
constant and independent of coverage.
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The Langmuir adsorption isotherm is based on the following assumptions.

3. The adsorbed molecule remains at the site of adsorption until it is desorbed

(i.e. the adsorption is localized).
4. At maximum adsorption, only a monolayer is formed: molecules of adsorbate do not
deposit on the other, already adsorbed, molecules of adsorbate, only on the free
surface of adsorbent.

Fig. 1.9. Monolayer model of Langmuir adsorption.
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The adsorption equilibrium at p, T = const is expressed as follows:

gas molecule
in the bulk phase

+

active site on the
adsorbent surface

=

localized adsorption
complex

The isotherm was formulated on the basis of a dynamic equilibrium between the
adsorbed phase and the gas or vapour phase.

Kinetic derivation
Equilibrium represents a state in which the rate of adsorption of molecules onto the
surface is exactly counterbalanced by the rate of desorption of molecules back into the
gas phase, i.e. when the rate of adsorption equals the rate of desorption, dynamic
equilibrium occurs.
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The rate of adsorption depends on:

1. the change of surface coverage due to adsorption which is proportional to the pressure p,
2. the collision probability with a free active site:

as
1− s
am
where as is the concentration of the occupied active sites on the surface, i.e. the
surface concentration of the adsorbate, ams is the surface concentration at the
monolayer coverage of the adsorbate.
3. the activation energy of an adsorption exp (–E/RT)
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The rate of desorption depends on:

as
1. fractional coverage of the surface s
am
2. the activation energy of a desorption exp (–E′/RT)
At equilibrium the adsorption rate certainly equals the desorption rate:

 as 
 as 
 E 
 E' 


p 1 − s  exp  −
=
k
'
exp

−

s 

a
RT
a
RT




m 

 m

(1)

where k′ is the proportional coefficient.

Hence

as
s
 ∆H ads  a m
p = k' exp 

s
 RT  1 − a
a sm

where ∆Hads= E – E′ is the heat of adsorption (–).

(2)
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If we assume that the heat of adsorption does not depend on the surface coverage we can write:

∆H ads 1
k' exp
=
RT
k

(3)

where k is the constant depending on the temperature.

1 as
a sm
k=
p a sm (a sm − a s )

⇒

as
k=
p (a sm − a s )

(4)

From the definition it results that

or
where
a so
θo = s
am

a s + a so = a sm

(5)

θ + θo = 1

(6)

is the fraction of the surface with free active sites

as
θ= s
am

⇒

a s = θ ⋅ a sm
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Taking into account the surface coverage we obtain:

k=

θ
p (1 − θ)

i.e.

θ = kp (1 − θ)

(7)

Transforming equation (7) for θ the following relationship is obtained:

θ=

kp
1 + kp

i.e.

θ = kp (1 − θ)

(8)

s
a
kp
as = m
1 + kp

(9)

a m kp
a=
1 + kp

(10)

Equations (8) (9) and (10), are a different form of the Langmuir adsorption isotherm
describing adsorption on a homogeneous surface when no interactions take place
between the adsorbate molecules, which were derived in a kinetic way.
This isotherm can be also derived thermodynamically or statistically.
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I case – If adsorption occurs at low pressures kp ≤ 1 then:

θ ≈ kp

(11)

a = a m kp

(12)

a s = a sm kp

(13)

Adsorption is proportional to the pressure, so in this pressure range the Langmuir equation is
transformed to that of the Henry equation.

II case – If the pressure of the adsorbing substance is sufficiently high, then kp >> 1, and we can
neglect unity in the denominator of equations (11)-(13) yielding:

θ → 1, .......a → a m , ........a s → a sm

(14)

It follows from the above relations that the amount of adsorbed gas initially increases linearly with
the increasing pressure, then gradually decreases, and at appropriately high pressures the
adsorption reaches a constant value.
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The Langmuir adsorption isotherm equation, e.g.
equation (10) can be presented in the linear form:

a=

Fig. 1.10. Langmuir adsorption isotherm.

am K p
1+ K p

(15)

a (1 + K p ) = a m K p

(16)

p
a

(17)

1+ K p = a m K

p 1
1
=
p+
a am
am K

Fig. 1.11. Determination of the constant am and
k from the linear form of the Langmuir isotherm
.

(18)
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The quantity am, i.e. the amount of adsorbate (mole/g) covering the surface area
of the adsorbent in a monomolecular coverage, is known as the monolayer capacity.

The quantity am allows us to calculate the specific surface area of the adsorbent if we know
the surface ωm occupied by a molecule in the monolayer:

S = a m N ωm
where N is the Avogadro number.

(19)
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In many systems the Langmuir adsorption isotherm describes well the experimental
results.
However, in the case of temperature decrease and heterogeneity increase of the
adsorbent surface, this causes multilayer adsorption which the Langmuir adsorption
isotherm does not anticipate.
If adsorption takes place from a mixture of gases, then adsorption of a given component
increases with its increasing partial (molar) pressure.

For such system the adsorption isotherm has the form:

k i pi
θi =
1 + ∑ k i pi
i

(20)
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7. Potential theory of adsorption
Basic weakness of the Langmuir theory was the assumption of monomolecular adsorption.
The parallel to Langmuir theory, a theory of multimolecular adsorption layer – the so-called
potential theory, was developed, whose authors were Eucken and Polanyi.
Polanyi assumed that

♦the adsorption forces act at longer distances than the molecule size,
♦the forces are not screened by the first laser of adsorbed molecules,
♦the adsorption layer has a diffusive character and its density changes with the distance
from the surface.
In the potential theory a significant role is played by the two parameters:

♦ the adsorption potential ε and
♦ the volume of the adsorbed layer Vs.
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The adsorption potential is related with the change of molar free energy
connected with the change of the vapour pressure from that over the
pure liquid phase po to the equilibrium pressure p at a given coverage of
the adsorbent surface:

ε = RT ln

po
p

(1)

p

ε = − RT ∫ d ln p

(2)

po

On the adsorbent surface there is a force field known as the adsorption
potential field.
It is assumed that in the space around each solid one may find some
equipotential surfaces (for flat homogeneous surfaces they are planes)
delimiting the adsorbate which is adsorbed at pressures lower than those
corresponding to the potential value and that such equipotential
surfaces are specific for a given solid surface.
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The adsorption potential corresponds to the change of molar free energy
connected with the change of the vapour pressure from that over the pure
liquid phase po to equilibrium pressure p at a given coverage of the adsorbent
surface:

equipotential surface

Fig. 13. Cross-section of the surface
layer in terms of the potential theory.

The space between each set of equipotential surfaces corresponds to a defined volume, and thus
the dependence between the adsorption potential ε and the surface layer volume Vs is:

ε = f (V )
s

V s = aVm

(3)
(4)

where a is the adsorbed amount (mol/g), and Vm is the molar volume of liquid whose vapour
is adsorbed at the temperature of the experiment.
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In the potential theory the layers of the adsorbed gas are considered as quasi–
liquid.
With increasing distance from the surface increases volume of the surface layer
Vs and decreases the adsorption potential ε.
According to Polanyi the adsorption potential in a given temperature range,
irrespective of the temperature, is constant, thus:

 ∂ε 
  =0
 ∂T  V s

ε = RT1 ln

p o,1
p1

= RT2 ln

(5)

po, 2

(6)

p2

This theory does not yield a define adsorption isotherm, but gives the so-called
characteristic adsorption curve, and the function ε = f (Vs) is a characteristic
function of adsorption.
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Fig.14. Characteristic potential curves.

The volume of the adsorbed layer Vs, its density ρs and the amount of adsorbed
substance a are related by:

a
V =
ρs
s

(7)
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If we determine experimentally a and p, and know the values po and ρs at a
given temperature, we can determine ε = f (Vs), and on this basis the isotherms
at other temperatures can be found.
At the same distance from the surface (V1s = V2s) for two different adsorbed
vapours on the same adsorbent, the ratio of the adsorption potentials ε is
constant:
 ε
  = βa
(8)

 ε o  Vs

where βa is the convergence (affinity) coefficient of the characteristic curves, εo is the
adsorption potential for vapour of a standard adsorbate.

If the condition of the adsorption layer can be described by van der Waals
equation, it appears that at a suitably low temperature gas concentration
increases up to its condensation.
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8. Dubinin-Radushkevich adsorption isotherm
Dubinin and Radushkevich found that the characteristic adsorption curve was correlated to
the porous structure of the adsorbent.
The convergence coefficient βa approximately becomes:

Vc P α c
β≈
≈ ≈
Vc ,o Po α c ,o

(1)

where Vc and Vc,o are the molar volume of adsorbate and standard adsorbate, respectively,
P and Po are their parachors; αc and αc,o are their polarizabilities.

The attempt was made to justify theoretically the characteristic curves for the
microporous adsorbent.
There was proposed an equation, which was called the equation of DubininRadushkevich adsorption isotherm (R–D equation):
s

s
o

V =V e


p
− b  RT ln o
p






2

(2)

where b=k/βa2, Vs is the volume of the adsorbed layer, Vos is the so-called limiting
volume at the potential ε =0, approximately equal to the volume of the micropores.

Adsorption at the solid/gas interface

Dividing both sides of equation (2) by the molar volume of the liquid adsorbate
we obtain another form of this equation:

a = ao e

p

− b  RT ln o
p






2

(3)

where ao is the number of moles of liquid adsorbate required to fill the micropores of 1 g of
the adsorbent.

From his equation a linear form can be finally obtained:


p 
log a = log a o − D log o 
p


2

(4)

or


po 
s
s
log V = log Vo − D log 
p

where

0,4343BT 2
D=
βa2

and

2

(5)

B = kR 2 2,3032
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If the experimental data are presented
in the form of log a or log Vs versus
log2(po/p) plots, a straight line from it
ao or Vos and D values are obtained.
It was shown that the values of
constant B in the R–D adsorption
isotherm are directly connected with
porous structure of the adsorbent.
In some systems a straight line form
was found only in narrow temperature
ranges, whereas in others in full
pressure ranges, e.g. benzene/active
carbon.
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9. The BET theory of multilayer vapour adsorption
Many experimental adsorption isotherms could not be described by the theory of
Langmuir and Polanyi.
In 1938 Brunauer, Emmet i Teller presented the multilayer adsorption theory
(BET theory) based on the Langmuir model.
The basic assumption of the BET theory is the Langmuir equation applied to each
layer with the added postulate that for the first layer the heat of adsorption Q1 may
have a special value, whereas for all subsequent layers it is equal to QC, i.e. the
heat of condensation of the liquid adsorbate.

Adsorption at the solid/gas interface

Molecules getting onto the adsorbate surface form an adsorption complex with it
even in the case when at a given site a molecule has already been adsorbed.
When vapour pressure p (or gas) increases and reaches that of saturated vapour
po the number of free adsorption sites decreases, forming double or triple
adsorption complexes.

vapour + free surface area ↔ single complex
vapour + single complex ↔ double complex
vapour + double complex ↔ triple complex

Fig. 15. Multilayer model of BET adsorption.

Adsorption at the solid/gas interface

Brunauer, Emmet and Teller derived an equation of multilayer adsorption on the
basis of kinetic considerations, which can be also derived statistically.
Moreover, it can be also derived base on the analysis of adsorption equilibrium.
Making considerations similar to the case of derivation of the Langmuir isotherm,
an expression for the surface coverage θ can be obtained:

C
θ=

p
p0


p 
p
1 −  1 + (C − 1) 
p0 
 p0  

am C
a=

p
p0

(1)

(2)


p 
p
1 −  1 + (C − 1) 
p0 
 p0  

where a is the total amount of adsorbed vapour, am is the monolayer capacity, θ is the
surface coverage of adsorbate molecules, C is the constant connected with the difference
between the enthalpy of the first layer (Q1) and the enthalpy of condensation (QC) and
expressed by the dependence: 2.3 log C = Q1 – QC.
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C = go

(∆ H
exp −
a

− ∆H mL )
RT

s
m

(3)

where

∆ a H sm − ∆H mL

is the pure enthalpy of adsorption,

∆ a H sm

is the molar enthalpy of the first layer,

∆H mL

is the molar enthalpy of condensation,

∆ aSsm − ∆SLm
g o = exp
R

is the so-called entropic factor.

Equation (1) or (2) is the Brunauer, Emmet and Teller (BET) isotherm
equation of multilayer vapour adsorption.
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Equation (58) can be written in the linear form
am C
a=

p
p0

(4)
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p
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⋅
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+

(6)

(7)
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Presenting the adsorption
isotherm in the coordinate
system (p/po)/a(1–p/po) and
p/po, the am and C constants
can be determined from the
slope of straight line and the
point of its intersection with yaxis, i.e. tg α=C–1/am and the
section b=1/(amC).
Fig. 16. Determination of the constants
of the BET adsorption isotherm.

Knowing the value am, the specific surface area of the studied adsorbent can
be calculated from the equation:

S = a m N ωm

(8)

Measurement of the specific surface area of adsorbents by the BET method is
made by means of low temperature adsorption isotherm of nitrogen, assuming
ωm = 0.162 nm2.
The monolayer capacity is found from the isotherm shape.
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According to Brunauer all adsorption isotherms can be classified into 5 principal
types:

Fig. 17. Types of gas and vapour adsorption isotherms according to Brunauer
I – NH3 + charcoal, II – N2 + silica, III – Br2 + silica, IV – benzene + silica, V –
H2O + charcoal.
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Type I is the Langmuir type, roughly
characterized by a monotonic approach to
a limiting adsorption that presumably
corresponds to a complete monolayer.
Type II is very common in the case of
physical adsorption and undoubtedly
corresponds to multilayer formation. Point
B marked on the curve corresponds to the
complete monolayer.

Fig. 17. Types of gas and vapour
adsorption isotherms according to
Brunauer (I – NH3 + charcoal,
II – N2 + silica, III – Br2 + silica,
IV – benzene + silica, V – H2O +
charcoal)

Type III is relatively rare (an example is that
of the nitrogen adsorption on ice) and seems
to be characterized by a heat of adsorption
equal to or less than the heat condensation
of the adsorbate
(Qad ≤Qcon).
Types IV and V are considered to reflect
capillary condensation phenomena in that
they level off before the saturation pressure
is reached and may show hysteresis effects.
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The BET equation concerns the first three of
such adsorption isotherm types.
s
When the heat of adsorption ∆a H m is much

greater than the heat of condensation ∆H Lm
( ∆ a H sm » ∆H mL ), then the constant C is very
large, and equation (58) is reduced to the
Langmuir isotherm, i.e. type I isotherm.
For C values in the range form 3 to 4 to several
hundred, the BET equation yields isotherms
corresponding to Type II.
Fig. 17. Types of gas and vapour
adsorption isotherms according to
Brunauer (I – NH3 + charcoal,
II – N2 + silica, III – Br2 + silica,
IV – benzene + silica, V – H2O + charcoal)

If C is equal to or smaller than unity, i.e.
if ∆a H sm « ∆H mL , the BET equation yields
Isotherms of type III.

Amaount of adsorbate
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Adsorption in
macropores

Formation of
multilayers
in macropores

Condensation
in macropores

BET area

0

Condensation
in micropores

realative pressure (p/po)

○○○○○ adsorbate molecules

1

●●●●● adsorbate molecules

Fig. 18. Schematic presentation of adsorption procces according to type IV.
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Experimental agreement with the BET theory exists only in a relatively
narrow range of p/po (from 0.05 to 0.3).
Type II does not often agree in the range 0.3 – 0.5 p/po, which is
connected with considerable differences in the adsorbent–adsorbate
interaction for 2 and 3 monolayers.
A typical deviation from the theory consists in too small adsorption
anticipated by BET under low pressures and too great under high ones.
There are several modifications of the BET equation, but generally they
are not widely used.
The main flaw of all theories, which have been discussed, is negligence
of interactions between the adsorbed molecules, so-called horizontal or
lateral interactions which are significant in many systems, e.g., they can
form surface associated molecules.
In general, the description of adsorption has not been fully done yet.

10. Capillary condensation
In the case of porous adsorbents there can appear phenomenon called
capillary condensation. At a low relative pressure p/po and if the capillaries
are not too narrow on the molecular scale the adsorption occurs in similar
way as in the case of nonporous adsorbents. When the pressure increases
inj the capillaries multilayer adsorption takes place and the adsorbed
adsorbat properties are similar to liquid and the heat o adsorption is similar
to the heat of condensation. This phenomenon can be explained taking into
account vapor pressure over a curved surface. Depending on the meniscus
curvature of the liquid different force acts on the liquid molecule being on the
curved surface.

Schematic representation of the
forces acting on a liquid molecule
on flat and curved surfaces.

If the meniscus is:
•concave
– larger the is:
molecular force field lies on the liquid phase,
If the meniscus
•convex – larger the molecular force field lies on the gas phase.

• concave – larger molecular force field occurs on the liquid phase,
• convex – larger molecular force field appears on the gas phase.
Therefore the molecules being on the concave surface are stronger bonded with
the liquid than in case of the molecules on the convex meniscus. Hence, at a given
temperature the saturated vapor pressure is lower over concave meniscus than
convex and flat ones. In suitably narrow capillaries the adsorbed liquid molecules
have concave meniscus and therefore lower the vapor pressure than over a flat
surface. In result, at the same temperature, the liquid vapor condensates at a lower
pressure than po above a flat surface.
This phenomenon of vapour condensation in capillaries before it reaches
the pressure characteristic for the saturated vapor pressure po above the
planar surface of this liquid at given temperature, is called capillary
condensation.

The capillary condensation can be explained using Kelvin (W. Thomson) equation
derived in 1871.

γ Vm
p
ln = − 2 ⋅
po
r RT

(1)

Where: r – is the radius of the surface curvature (of the meniscus) measured from
the gas phase, for concave: r > 0, for convex: r < 0, and for planar: r = ∞; γ – is the
liquid surface tension, and Vm – is the molar volume of the liquid.
For a liquid being in a cylindrical capillary there is relationship between the capillary
radius r and the meniscus curvature radius r1:

r = r1 cos θ
Where θ – is the wetting contact angle

(2)

Fig.2. Dependence between capillary radius r
and the meniscus curvature radius r1

Introducing Eq.2 into Eq.1 one can obtain the relationship between saturated vapor
pressure and the capillary radius.
(3)

If the liquid wets the capillary surface then the contact angle is almost zero θ = 0
and cosθ = 1. In such a case the capillary radius is practically equal to the
meniscus curvature radius.
Equation (1) had been derived for spherical meniscus. If it is concave – may be
considered as a part of outer sphere surface and In the case of convex meniscus
– it may be treated as a part of inner surface of the sphere. Therefre Eq.1 can be
written as follows:

(4)

where: pk and rk refere to spherical surface. If the meniscus is cylindrical then Eq.1
reads:

pc
γ Vm
ln = − ⋅
po
rc RT

(5)

Eg.5 is called Cohan’s equation, from which it results that the saturated vapor
pressure above the cylindrically shaped (concave) surface is less decreased than
above spherical one, i.e. pc > pk.
Because of the capillary condensation appears also phenomenon of capillary
condensation hysteresis. Depending on the shape of the capillary different
shapes of the hysteresis appears.

Fig.3.The shapes of capillary hysteresis depending
on the capillary structure of adsorbent; rads – radii
of the meniscus forming during adsorption in an
open on both sides cylindrical capillary rdes - radii
of the spherical meniscus forming during the
desorption process.

In case C of the open capillary the hysteresis loop appears. This is because the
meniscus of the liquid closing the capillary breaks in some moment of the desorption
process and the radii increases upon the liquid evaporation.
In real adsorbents the shapes of capillaries are more complicated. If the spherical
particles touch each other the capillaries form wedge shapes. Because of non-uniform
structure of commercial adsorbents the capillaries do not fill in simultaneously.
De Boer (1958) classified the hysteresis loop into 5 types, as shown in Fig. 4. The
most import ant are three types: A, B, E.

Rys.4. Classification of the
capillary condensation
hysteresis loops after De Boera.
According to de Boer:

• Type A – appears in double-open capillaries having shapes of regular or irregular
cylinders prisms.

• Type B – appears In the presence of slit pores having paralel walls.
• Type E – such hysteresis appears in the case of ink-bottles shapes of the
capillaries or deformed tubes with narrow outlets.

• Types C and D results from the pores shapes A and B which are partially
deformed.
Using
real adsorbents the hysteresis loops are usually combination of 2 or 3 types.

11. Preparation and structure of adsorbents
Nowedays many adsorbents are manufactured that differ in repect of their chemical
nature and structure of the surface. There are two clases of adsorbents: nonporous
and porous.
Nonporous adsorbents
1. Precipitation of cristalline deposits, e.g. BaSO4 or by grindiing crystalline solids. This
type of adsorbents characterize small specific surface are, up to 10m2/g. Most often,
however, the specific surface is up to1 m2/g. Nonporous adsorbents having larger
specific surface can be obtained in the following ways:
2. Partial combustion of organic compounds – black soot, or organosilicon compounds,
so called white soot. Or by:
3. Hydrolysis of halogen anhydride of orthosiliceous acid (SiCl4, SiF4) in strongly
overheated aqueous steam – siliceous aerogels. By this method it is possible to obtain
nonporous adsorbents up to several hundreds m2/g. They have important applications
as fillers for polymers, lubricants, wax, e.t.c.
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4. Graphite soot – it is obtained by heating up to temp. 3000˚C in atmosphere of nonreactive gas and under reduced pressure. An reducing atmosphere is also applied.
Here the recrystallization process occurs and the soot surface covers with graphite
structure. The specific surface of such adsorbents amount several dozen m2/g.
Porous adsorbents
They have great practical applications in technics: gas and vapor absorbance,
supports of catalists or catalists, drying, separation of mixed gases by adsorption.
The specific surface ot this adsorbents may amount more than 1000 m2/g. This kind
of adsorbents are manufactured as granules or spheres having 0,1 – 2 mm
diameter, to provide their needed durability.

There are two basic method of porous adsorbents manufacturing. Formation of stiff
skeleton of tiny particles of colloidl size that have very large internal surfce , chemical
treatment of porous or nonporous solids (e.g. coke, glass) with liquids or gases..
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By first merhod are obtained gels - xerox silicagels , Al2O3, MgO. The skeleton
partriucles most often are amorphic spheres.The capillaries size is detetrmed by
the particles size and their paking. By the second method are obtained adsorbents
from nonactive charcoal by treatment it with H2O lub CO2 at the temperature of
1100–1200˚C. A part of the charcoal burnes and the remaining part is an active
charcoal having large specific surface area (the pores are of several to several
dozen nm). Other adsorbent is obtained by treatment of sodium-boron glass with
acids. The pore size depends on thermal treatment and final treatment with NaOH
or KOH solutions. The adsorbent pores differ as for their shape and size. The
important parameter is the diameter (cylindrical pores) or breadth (the slit pores).
Following pores are distinguished:
• micropores– r < 2 nm (20 Å)
• mezopores (middle size pores) – r > 2 nm; r < 200 nm
• makropores – r > 200 nm
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Typical adsorbents applied in practice:
• silica gel, - the general formula is SiO2 · nH2O, there are different types obtained by

polycondensation of ortho-silicic acid and further processing.
• Aluminium oxide (alumina) – a group of different structures of Al2O3 often with

impurities of oxides of alkali metals and alkaline earth metals and different water content.
They are manufactured mostly by dehydratation of aluminium hydroxides . Most often is
used γ – Al2O3 whose specific surface area is S = 100 – 200 m2/g.
• Activated charcoals – these are the longest time known adsorbents. Most often they are

obtained by removing tarry (smolisty) substances from raw wooden coal and partial
burnning in the presence of H2O and CO2. The surface is heterogenic chemically and
energetically, it amounts S = 400 – 900 m2/g.
• Molecular sieves – these are so called porous cristals which act as molecular sieves. They

play very essential role and among them most important are zeolites., which are cristal
aluminosilicates of alkali metals and alkaline earth arranged as the stereo- tetrahedrons of
SiO4 i AlO4. Their general formula is following: Me2/n · Al2O3 · mSiO2 · pH2O;
n – metal valency Me, m, p – factor characterizing given zeolite..
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The stereo octahedron units consist of twenty four SiO4 i AlO4 tetrahedrons.
About 40 natural and 40 artificial zeolites are known. They are termed as A, X
i Y which differ structurally.Namely, so called „window diameter” which are
gates to the interiors of the structures. The windows diameter is in the range
of 0,4 nm (4 Å) – 1,0 nm (10 Å). The mechanism of the zeolites action relies
on selective allowance passing to the interior of the structures adsorbate
molecules, which is determined by the molecules size. The larger molecules
cannot enter to the inside.
• Porous glasses – they are obtained by thermal and acid treatments of
sodium-boron-silica glass. In this way it is possible to obtain the adsorbents
possessing porosity of several up to several thousands Å.
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12. Determination of adsorbents structure by adsorption
Porous materials can be characterized with a help of several parameters describing
their structure. These parameters are as follows:
Mean radii of pores, R.
Mean radii (most often measured in Å or nm) is average radii of given porous
material , and it means that there is some distribution of the pore sizes relative to
this mean radii. In the literature it is termed by acronym PSD, that is: Pore Size
Distribution.
Specific surface area, S.
Specific surface of a solid (most often expressed in m2/g of solid) is equal to sum of
external Se and internal Si surfaces.
The external surface, Se corresponds to geometrical surface of porous grains of 1 g
of the adsorbent. It is reversily proportional to the grain size..
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Internal surface, Si, consist the pores walls. Because the pores has to be open,
therefore Si value does not involve surface of the wall of the closed pores. As a rule,
Si value is much bigger than Se value. For example, in the case of silicages this
difference amounts up to several order of magnitude.
It should be keot in mind that generally, there is reverse relationship between specific
surface and mean pore radius. The larger is specific surface S the smaller are the
pores raddi R.
Big specific surface(S > 500 m2/g) indicates for narrow pores, while small specific
surface (S < 10 m2/g) is characteristic for macroporous solids.
Total volume of pores, Vp,
Total specific volume of the pores, Vp (expressed in cm3 of liquid adsorbat per gram
of porous solid) is the volume of liquid adsorbate which fill in the pores present in a
unit mass of sorbent.
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As a first approach the value Vp should be independent on the kind of liquid adsorbant
if the surface is perfectly wetting.
Among the parameters characterizing the adsorbents only pores volume Vp has clear
physical sense . It can be easily determined without any preassumption, while
calculation of the radii R as well as the specific surface S needs always suitable
model assumption.
Therefore there may be open problem whether the determined parameters are
realable. Specially, the determined mean radii may arise some doubts for given
sorbent because of simplifications that are asumed in the models, e.g. as for pores
shapes Nevertheless, knowledge of the values of these parameters characterizing the
porous structure of solids is very useful for adsorption properties evaluation of
adsorbents. It is important to use several independent experimental methods
simultaneously and standarize the analytical methods.
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Pores classification
Klasyfikacja porów oparta jest na róŜnicy zachodzących w nich zjawisk adsorpcyjnych
i kapilarnych .
Efektywne promienie najbardziej szerokoporowatej odmiany porów – makroporów –
przewyŜszają 500 Å, a ich powierzchnia właściwa zawarta jest w granicach 0.5–2
m2/g. Zazwyczaj adsorpcję na powierzchni makroporów moŜna pominąć, zaś z
przyczyn technicznych często przyjmuje się, Ŝe kondensacja kapilarna jest praktycznie
niemierzalna. Dlatego, makropory odgrywają tylko rolę porów transportowych.
Efektywne promienie znacznie drobniejszych porów przejściowych – mezoporów – są
duŜo większe niŜ rozmiary adsorbujących się cząsteczek. Na powierzchni tych porów
zachodzi jedno- i wielocząsteczkowa adsorpcja par, tzn. tworzenie się kolejnych
warstw adsorpcyjnych, kończąca się objętościowym zapełnieniem porów według
mechanizmu kondensacji kapilarnej. Wartości efektywnych promieni mezoporów
zawarte są w granicach 20–500 Å. Dolny zakres promieni krzywizny menisku (15–16
Å) w porach tych rozmiarów, odpowiada granicy stosowalności równania Kelvina.
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W zaleŜności od stopnia rozwinięcia objętości mezoporów i wielkości ich promieni,
powierzchnie właściwe tych porów mogą się mieścić w granicach 10–500 m2/g. Na
ogół róŜnice w adsorpcji par na adsorbentach jednakowych pod względem
chemicznym (nieporowatych, czy z makro- i mezoporami) mają charakter ilościowy i
wynikają z róŜnych wartości powierzchni właściwych, poniewaŜ krzywizna
powierzchni (do początku kondensacji kapilarnej) wykazuje tylko niewielki wpływ na
adsorpcję. We wszystkich tych przypadkach powierzchnia adsorbentu ma wyraźny
sens fizyczny i adsorpcja par sprowadza się do tworzenia kolejnych warstw
adsorpcyjnych.
Efektywne promienie najdrobniejszych porów – mikroporów – leŜą poniŜej dolnej
granicy rozmiarów mezoporów. Jak wynika z danych uzyskanych metodą niskokątowego rozpraszania promieni X, główna objętość przypada zwykle na mikropory o
efektywnych promieniach leŜących w zakresie 5–10 Å, a więc współmiernych z
wielkościami adsorbowanych cząsteczek. Jednym z podstawowych parametrów
charakteryzujących mikropory jest ich ogólna objętość w jednostce masy adsorbentu,
w skrajnym przypadku przekraczająca nieznacznie 0.5 cm3/g.

Jednym z podstawowych parametrów charakteryzujących mikropory jest ich ogólna
objętość w jednostce masy adsorbentu, w skrajnym przypadku przekraczająca
nieznacznie 0.5 cm3/g.
PoniewaŜ kaŜdy por stanowi pewną przestrzeń geometryczną, jego kształt musi być
równieŜ brany pod uwagę podczas interpretacji odpowiednich danych
doświadczalnych. Z powodu nieregularności struktury porów większości ciał stałych,
rzeczywisty ich kształt znany jest tylko w niektórych przypadkach. Konieczne zatem
staje się stosowanie modeli stanowiących pewne przybliŜenie rzeczywistego
kształtu porów.

Najbardziej popularnym modelem jest model porów cylindrycznych
jednostronnie bądź obustronnie otwartych. Następny odnosi się do
porów zwanych „ink-bottle” – butelka atramentu, które są opisywane
przez dwa promienie: szerokość wąskiej szyi, szerokość dolnej części
„butelki”. Trzeci, model szczelinowy, odpowiada porom, których

ściany stanowią równoległe płaszczyzny.
Rys. 1. Modele porów:
(a)pory cylindryczne obustronnie i jednostronnie otwarte
(b) pory „ink-bottle”, (c) pory szczelinowe.
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Porosity of adsobents, that is their size and the pores volume, can be
investigated taking into account the capillary condensation phenomenon.
During adsorption process spherical and cylindrical meniscus are formed, but
during desorption only spherical one. Therefore the desorption isotherm is
used for determiniation of efective size of the capillaries – corresponding to
the dimension of cylindrical capillaries. The experimental points on the
desorption curve in the range of hysteresis loop corresponds to adsorbed
amount a at given relative pressure p/po. Multiplying a and Vm (the liquid
molar volume) one can calculate the capilaries volume Vp filled with the
liquid. Then taking p/po corresponding to these values and Kelvin’s equation
the effective radius rk of spherical meniscus in the capillatries can be
obtained, if complete wetting of the capillary walls is assumed.

83

Having determined several values of Vp and r one can plot so called
structural curve of the adsorbent, then by it differentiation a curve of
capllaries volumes distribution versus their effective radii is obtained. The
derivative dv/dr allows conclude about porosity character of investigated
adsorbent.

Fig.1. a) Structural curve,
b) Distribution curve of the capillaries
volumes as a function of their effective
radii (most capillaries have radius r = 5
nm)

The shape of the distribution curve of the capillaries volumes in Fig. 2b
shows that this adsorbent is quite homogenously porous and most probably
their radius is about 5 nm.
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However, already qualitative analysis of the adsorption-desorption
isotherms alows conclude about the adsorbent structure. If at la ow values
of p/po the adsorption increases sharply and the hysteresis loop appears at
low pressures, this suggests that this adsorbent is narrow-pores and its
specific surface depends upon the height of the reversible part of the
isotherm (Fig. 3a). If in a broad range of p/po the adsorption is small and
the hysteresis loop starts close to p/po = 1, it indicates for a broad-pores
adsorbent (Fig. 3b).

Fig.2. Adsorption-desorption
isotherm;
a)on narrow-pores adsorbent,
b) on broad-pores adsorbent
narrow-pores

broad-pores
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Some methods od determination of gases and vapor adsorption
The adsorbed amount of gases and vapors on solid adsorbents and corresponding
isotherms are determined by two methods: static or dynamic.
Static method: the adsorbent is placed in a clossed vessel with some amount of gas
or a liquid vapor. When the equilibrium is attained the pressure and adsorbed amount
are measured. The adsorbed amount is determined by the increase of the adsorbent
sample mass or dosed amount and that remained in the gasous phase in equilibrium.
Before the adsorption process the adsorbent has to be outgassed. The mass increase
is read out from the spring enlargement.

Fig.3. Method for gas or liquid vapor adsorption
determination using McBaina balance:
1 – clossed glass tube, 2 – quartz spring, 3 – pan with
weighed adsorbent, 4 – ampoule with liqid adsorbate,
5 – manometer, 6 i 7 – thermostats.
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Dynamic method – they have been developed simultaneously with theory of gas
chromatography. In fact these methods are chromatographic ones.

Fig.4 . Dcheme of a gas chromatograph.
1 – tank with buoyant gas, 2 – valve,
3 – purifind and dehumidifing filter,
4 – manometer, 5 – feeder,
6 – column with adsorbent,
7 – detector, 8 – recorder (data
acquistion), 9 – thermostat,
10 – gas fluometer.
The chromatographic method relies on jet flow of a mixture of an inert gas (He, N2)
called buoyant gas and some amount of adsorbing gas )or vapor through a column of
adsorbent. The gases flowing out of the column are analyzed until the maximum
content of the adsorbing gas in the inert gas is reached, that is no adsorption occures.
In this way the so called output curves are plotted

It is also possible to elute with the help of the inert gas the already adsorbed
an adsorbant, or concentration of the adsorbed gas can be analized in the
inert gas outlet from the column. From thus plotted curves the amount of
adsorbed gas can be calculated at given pressure, i.e. it is possible to
determine the adsorption isotherm.
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