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ADSORPTION

12.1 INTRODUCTION

Adsorption operation involves contact of solids with either liquids or gases in

which the mass transfer is towards solids. The reverse of this operation is called

Desorption. Adsorption operations exploit the ability of certain solids to

concentrate specific substances from fluid on to their surfaces. The adsorbed

substance is called adsorbate and the solid substance is called adsorbent.
Typical applications of this solid—liquid operation are as follows:

* removal of moisture dissolved in gasoline
* de-colorization of petroleum products and sugar solutions
» removal of objectionable taste and odour from water.

The solid—gas operations include:

* dehumidification of air and gases

* removal of objectionable odours and impurities from gases

* recovery of valuable solvent vapours from dilute gas mixtures

* to fractionate mixtures of hydrocarbon gases such as methane, ethane and
propane. : '

12.2 TYPES OF ADSORPTION

The two types of adsorption are physical adsorption or physi-sorption (van der
Waals adsorption) and chemi-sorption (activated adsorption).
Physical adsorption is a readily reversible phenomenon, which results from
the intermolecular forces of attraction between a solid and the substance adsorbed.
Chemi-sorption is the result of chemical interaction, generally stronger than
physi-sorption between the solid and the adsorbed substance. This process is
irreversible. It has importance in catalysis.
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12.3 NATURE OF ADSORBENTS

Adsorbents are usually in granular form with their size ranging from 0.5 mm to 12
mm. They must neither offer high pressure drop nor get carried away by flowing
stream. They must not loose their shape and size while handling. They must have
larger surface area per unit mass and also lot of pores.

Some of the commonly used adsorbents, their sources and applications are

given below:

Sl. No. Adsorbent

Source

Application

1. Fuller’s earth

p A Activated clay

3. Bauxite
4. Alumina
5. Bone-char

6. Activated
carbon

Naturally occurring clay is
heated and dried to get a
porous structure.

Bentonite or other activated
clay which are activated by
treatment with sulfuric acid
and further washing, drying
and crushing.

A naturally occurring hydrated
alumina, activated by heating
at 230-815°C.

A hard hydrated aluminium
oxide, which is activated by
heating to drive off the
moisture and then crushed to
desired size.

Obtained by  destructive
distillation of crushed bones at
600-900°C.

(i) Vegetable matter is
mixed with calcium
chloride, carbonized and
finally the inorganic comp-
ounds are leached away.
Organic matter is mixed
with porous pumice
stones and then heated
and carbonized to deposit
the carbonaceous matter
throughout the porous

(ii)

. particle.
(iii) Carbonizing substances
like wood, sawdust,

coconut shells, fruit pits,
coal, lignite and subse-
quent activation with hot
air steam. It is available in
granular or pellated form.

De-colorizing, drying of
lubricating oils, kerosene and
engine oils.

Used for de-colorizing
petroleum products.

Used for de-colorizing
petroleum products and for
drying gases.

Used as desiccant.

Used for refining sugar and can
be reused after washing and
burning.

De-colorizing of sugar solutions,
chemicals, drugs, water
purification, refining of
vegetable and animal oils,
recovery of gold and silver from
cyanide ore-leach solution,
recovery of solvent vapour from
gas-mixtures, collection of
gasoline hydro-carbons from
natural gas, fractionation -of
hydrocarbon gases.

(Contd.)
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(Contd.)
Sl. No. Adsorbent - Source Application
7. Silica gel A hard granular and porous Used for de-hydration of air and

product obtained from sodium
silicate solution after treatment

other gases, fractionation of
hydrocarbons.

with acid. Normally has 4 to
7% water in the product.

8. Molecular
sieves

These are porous synthetic
zeolite crystals, metal alumino-
silicates.

Dehydration of gases and
liquids, and separation of gas—
liquid hydrocarbon mixture.

12.4 ADSORPTION EQUILIBRIA

Different gases and vapours are adsorbed to different extent under comparable
conditions as shown in Fig. 12.1.
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Fig. 12.1 Equilibrium adsorption on activated carbon.

As a general rule, vapours and gases with higher molecular weight and lower
critical temperature are more readily adsorbed. To some extent, level of saturation
also influences the degree of adsorption. The adsorption isotherms are generally
concave to pressure axis. However, other shapes are also exhibited as shown in
Fig. 12.2.

Repeated adsorption and desorption studies on a particular adsorbent will
change the shape of isotherms due to gradual change in pore-structure. Further,
adsorption is an exothermic process and hence the concentration of adsorbed gas
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Equilibrium partial pressure
of adsorbate, mm Hg

kg adsorbed / kg adsorbent
Fig. 12.2 Adsorption isotherms.

decreases with an increase in temperature at a constant pressure. Similarly an
increase in pressure increases the concentration of adsorbed gas in the adsorbent at
a constant temperature. There are three commonly used mathematical expressions
to describe vapour adsorption equilibria, viz. Langmuir, Brunauer-Emmett-Teller
(BET) and Freundlich isotherms. The first two are derived from theory whereas the
last one is derived by a fit technique from the experimental data.

12.5 ADSORPTION HYSTERESIS

The adsorption and desorption operations exhibit different equilibrium phenomena
as shown in Fig. 12.3 and is called adsorption hysteresis.

A Adsorption

Equilibrium partial
pressure, mm Hg

Desorption

>

kg adsorbed / kg adsorbent

Fig. 12.3 Adsorption hysteresis.

This may be due to the shape of the openings to the capillaries and pores of
the solid or due to the complex phenomena of wetting of the solid by the adsorbate.
Whenever hysteresis is observed, the desorption curve is below the adsorption curve.

12.6 HEAT OF ADSORPTION

The differential heat of adsorption (—H) is defined as the heat liberated at constant
temperature when unit quantity of vapour is adsorbed on a large quantity of solid



Adsorption 391

already containing adsorbate. Solid so used is in such a large quantity that the
adsorbate concentration remains unchanged.

The integral heat of adsorption, (AH) at any concentration X is defined as the
enthalpy of the adsorbate—adsorbent combination minus the sum of the enthalpies
of unit weight of pure solid adsorbent and sufficient pure adsorbed substance
(before adsorption) to provide the required concentration X, at the same
temperature. _

The differential heat of adsorption and integral heat of adsorption are functions
of temperature and adsorbate concentration.

12.7 EFFECT OF TEMPERATURE

Increase of temperature at constant pressure decreases the amount of solute
adsorbed from a mixture. However, a generalization of the result is not easy.
Figure 12.1 also indicates the effect of temperature.

12.8 EFFECT OF PRESSURE

Generally lowering of pressure reduces the amount of adsorbate adsorbed upon the
adsorbent. However, the relative adsorption of paraffin hydrocarbon on carbon
decreases at increased pressures.

12.9 LIQUIDS

The impurities are present both at low and high concentrations in liquids. These are
normally removed by adsorption technique. The characteristics of adsorption of
low and high concentration impurities are different. They are discussed below.

12.9.1 Adsorption of Solute from Dilute Solutions

Whenever a mixture of solute and solvent is adsorbed using an adsorbent, both the
solvent and solute are adsorbed. Due to this, only relative or apparent adsorption
of solute can alone be determined.

Hence, it is a normal practice to treat a known volume of solution of original
concentration Cy, with a known weight of adsorbent. Let C* be the final
equilibrium concentration of solute in the solution.

If v is the volume of solution per unit mass of adsorbent (cc/g) and Cy and C*
are the initial and equilibrium concentrations (g/cc) of the solute, then the apparent
adsorption of solute per unit mass of adsorbent, neglecting any change in volume
is v(Cy— C*), (g/g). This expression is mainly applicable to dilute solutions. When
the fraction of the original solvent which can be adsorbed is small, the C* value
depends on the temperature, nature and properties of adsorbent.

In the case of dilute solutions and over a small concentration range, Freundich
adsorption Isotherm describes the adsorption phenomena,

C* = K [W(Cy- CH]" (12.1)
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Freundlich adsorption equation is also quite useful in cases where the actual
identity of the solute is not known, e.g. removal of colouring substance from sugar
solutions, oils etc. The colour content in the solution can easily be measured using
spectrophotometer or colorimeter. The interpretation of this data is illustrated in
worked example 2. If the value of n is high, say 2 to 10, adsorption is good. If it
lies between 1 and 2, moderately difficult and less than 1 indicates poor adsorption
characteristics. A typical adsorption isothermal for the adsorption of various
adsorbates A, B and C in dilute solution at the same temperature for the same
adsorbent is shown in Fig. 12.4.

t (© (B) (A)

Equilibrium solute concentration
in liquid

.

kg solute apparently adsorbed / kg adsorbent

Fig. 12.4 Adsorption isotherms for various adsorbates.

12.9.2 Adsorption from Concentrated Solution

When the apparent adsorption of solute is determined over the entire range of
concentrations from pure solvent (0% solute concentration) to pure solute (100%
solute concentration), curves as shown in Fig. 12.5 will occur. Curve ‘1’ occurs
when the solute is more strongly adsorbed in comparison to solvent at all solute
concentration. Whenever both solute and solvent are adsorbed to nearly the same
extent, the ‘S’ shaped curve ‘2’occurs. In the range PQ solute is more strongly
adsorbed than solvent. At point Q both are equally well adsorbed. In the range QR
solvent is more strongly adsorbed.

12.9.3 Other Adsorption Isotherms

12.9.3.1 Langmuir adsorption isotherm

The theory proposed by Langmuir postulates that gases being adsorbed by a solid
surface cannot form a layer more than a simple molecule in depth. His theory
visualizes adsorption as a process consisting two opposite actions, a condensation
of molecules from the gas phase on to the surface and an evaporation of molecules
from the surface back into the body of the gas. When adsorption starts, every
molecule colliding with the surface may condense on it. However, as adsorption
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The mass balance for solute gives

Gs [Yo - 1] = Ls [X; - Xo] (12.5)
ie. L (B-Y) (12.6)
Gs (XO - X1)

where (Lg/Gg) indicates the slope of the operating line passing through the points
(Xo, Yp) and (X;, Y;). If the leaving streams are in perfect equilibrium, then the
point (X}, Y}) will lie on the equilibrium adsorption isotherm. If the equilibrium
is not reached due to factors like poor contacting, then the point P represents the
conditions of leaving streams as shown in Fig. 12.7.
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Fig. 12.7 Adsorption isotherm and operating line for a single stage operation.

Assuming the validity of Freundlich equation, especially when a low
concentration of solute is involved, the equation can be written as

Y* = mx" (12.7)
and at the final equilibrium conditions, |
1/n
X, = (Z‘-) (12.8)
m

when the pure adsorbent is used, i.e. X, = 0.
Equation (12.8) yields

L _ (% -Y)
GS (Yl)l/n
m

12.10.2 Multistage Cross-current Operation

(12.9)

A schematic arrangement of multistage cross-current operation is shown in
Fig. 12.8.
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Ls, Xo Ls, XO Ls, Xo

LS’ x1 LS' x2 LS’ x3
Fig. 12.8 Multistage cross-current operation.

Making a material balance of solute for stage 1 and use of Freundlich equation

for the entry of pure adsorbent gives
Gs(Yo—- Y1) = Lg,(X; — Xo)
According to Eq. (12.9),

LS, _ (Yo - Yl)

GS - (Yi )l/n
m
A material balance of solute for stage 2 yields,

Gs(Y1 - Y3) = Ls,(X; - Xo)
Use of Freundlich equation for the entry of pure adsorbent gives

Lsz _ Y, - Y2)

- 1/
v )
m
A similar material balance for stage p yields
GS(Yp—l - Yp) = LSp(Xp - Xo)
Using Freundlich equation as before gives

Ly, (Y,,-Y,)

GS (Yp \)l/n
m

~ This operation is represented graphically as shown in Fig. 12.9.

(12.10)

(12.11)

(12.12)

(12.13)

(12.14)

(12.15)

12.10.2.1 Steps involved in the determination of number of

stages needed for a cross-current adsorption

process
1. Draw the equilibrium curve (X vs Y).

2. Locate the point (X,, Yy) and draw the operating line with a slope

(-Ls,/Gg).

3. The intersection of operating line and equilibrium curve yields (X;, Y;) -

the conditions of stream leaving from stage I.
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Fig. 12.9 Adsorption isotherm and operating line for a two-stage cross-current
operation.

4. Locate (Xo, Y;) and draw the operating line with a slope of (-Lg,/Gy) (since
X, remains constant for adsorbent for II stage).

5. Intersection of operating line and equilibrium curve yields (X,, ¥,) — the
conditions of leaving stream from stage II.

6. Proceed in the same way till the X, point is crossed and count the number
of stages for the use of specified amount of adsorbent in each stage.

12.10.2.2 Optimisation of a two-stage cross-current operation

In a typical two-stage operation, the concentrations of solute both in the inlet
solution stream and the outlet solution stream are fixed along with the feed rate of
solution. The objective will be to use the minimum amount of adsorbent for this.
If the quantity of the adsorbent is changed, the exit concentration of solution from
each stage will also vary. However, the terminal conditions are always fixed and
only the intermediate concentration is a variable. Hence, with one particular
intermediate value, if the amounts of adsorbent used in both the stages are
estimated, it will result in the minimum amount of adsorbent being used.

For the schematic arrangement shown in Fig. 12.10, the material balance
equations for stages I and II are obtained from Eqgs. (12.8) and (12.9) as

Ls X, Ls X,

LS' x1 LS’ x2

Fig. 12.10 Two-stage cross-current operation.



