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ADSORPTION

Reference

Treybal, McCabe, Genkoplis

1



• Module – 6: ADSORPTION Introduction, 
nature of adsorbents, batch adsorption, 
Adsorption isotherms. Adsorption equipment, 
pressure swing, thermal-swing, breakthrough 
curves, design of fixed bed adsorption column. 
. (5)
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Types of adsorption

• Physical Adsorption or van der Waals adsorption or 
Physisorption
– The heat of adsorption 1-4 times the heat for vaporization

– Electrostatic forces may be present

– Reversible 

• Chemisorption
– Interaction between the solute and adsorbent very strong 

due to chemical bond formation

– Heat of adsorption much larger than than physisoprtion

– May not be reversible
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ADSORBENTS

• Fullers earth

• Activated clays

• Bauxite

• Alumina

• Activated carbon
Bone char

Decolorising carbon

Gas adsorbing carbon

Molecular screening 
activated carbon

• Synthetic polymeric 
resin

• Silica gel 

• Molecular sieve

Pore size
𝒐𝑨

Surface area
𝒎𝟐/𝒈

Activated carbon 10 to 60 300-1200

Silica gel 20 to 50 600 to 800

Activated alumina 20 to140 200 to 500

Molecular sieve 3 to 10
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ADSORBENTS
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METHODS OF REGENARATION OF SPENT ADSORBENTS
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Application

Gaseous phase

• Dehumidification of air and 
other gases

• Removal of odour and 
impurities from industrial 
gases.

• Recovery of solvent vapours
from dilute mixture with air 
and other gases

• Fractionation of Hydrocarbon 
gases methane, ethylene, 
ethane, propylene and 
propane

Liquid phase 

• Removal of moisture from 
gasoline

• Decolonization of 
petroleum products and 
aqueous sugar solution

• Removal of objectionable 
taste and odour from water

• Fractionation of mixtures of 
aromatic and paraffinic 
hydrocarbons.
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ADSORPTION EQUIPMENT
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CONTACT FILTRATION- Liquid System 
Batch/ stage wise contact
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VAPOUR PHASE ADSOPTION [Dual fixed bed with 
Thermal Regeneration and solute recovery]
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FLUIDIZED BED/
TEETER BEDADSORBER
for GASES

• Fluidized beds for 
adsorbent <20 mesh, upto
325 mesh superficial gas 
velocity of 0.6m/s 

• Teeter Bed for coarse 
adsorbent upto 10 mesh 
and gas velocities from 1.5 
to 3 m/s
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HIGGINS CONTACTOR
SOLID LIQUID CONTACT.
(a) Temporarily stationary 

upper bed of solid is 
contacted with liquid 
flowing downwards 
and lower bed being 
regenerated

(b) Valves are turned such 
that liquid filled piston 
pump moved so that 
solid is moved 
clockwise hydraulically, 
regenerated solids 
goes to upper chamber 
and spent solid to the 
lower regeneration 
chamber

(c) Valves readjusted to 
the original position 
and operation 
restarted
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FIXED BED ADSORBER FOR VAPOUR AT LOW PRESSURE

• Shallow granular bed, (0.3 to 1 m) 
large cross section with super 
ficial gas velocity 0.25 to 0.6m/s.
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FIXED BED ADSOBER ATI HIGH 
PRESSURE AND PRESSURE 
SWING ADSOPTION
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ROTARY [FIXED]BED 
ADSORBER

The inner drum rotates, 
the adsorbent is 
successively subject to 
adsorption, regeneration 
and drying and cooling. 
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ADSORPTION
QUILIBRIUM :

• Relationship between the 
amount adsorbed and the 
concentration of the adsorbate or 
solute a ta constant temperature 
T is called an adsorption 
isotherm.

• A plot of equilibrium adsorbent 
loading q, vs temperature at a 
constant pressure is called isobar 

• ADSORPTION ISOTHERM 
SHOWING HYSTERISIS
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ADSORPTION ISOTHERM
[ Note the solute conc in 
adsorbent may be in x or y axis]



Types of Isotherm

Type I – Adsorption 
proceeds upto mono layer.  
Favourable as high solute 
loading. Langmuir 
isotherm

Type II – Multilayer 
adsorption BET isotherm, 
generally for physisorption

Type III- Unfavourable as 
solute loading is low, Rare

Type IV and V: alternating                 
convex concave curve 
represents condensation 
within pores
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Mathematical forms of 
Adsorption Isotherm

• If, 𝑞 =
𝑘𝑔 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 (𝑠𝑜𝑙𝑢𝑡𝑒)

𝑘𝑔 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡

• And c=
𝑘𝑔 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 (𝑠𝑜𝑙𝑢𝑡𝑒)

𝑚3 𝑓𝑙𝑢𝑖𝑑

• Henrys Equation for linear 
isotherm: 

𝑞 = 𝐾𝑐
• K, Τ𝑚3 𝑠 is a empirical  

constant 
• Freundlich isotherm 

Equation, particularly for 
liquid:

𝑞 = 𝐾𝑐𝑛

• Langmuir isotherm has a 
theoretical basis:

𝑞 =
𝑞𝑜𝑐

𝐾 + 𝑐
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LANGMUIR’S  and FREUNDLICH ISOTHERM
Langmuir’s model of adsorption assumes that the solid surface is 
uniform, i.e. the availability of every site of adsorption to the 
adsorbate is equal. The adsorbate is bound to the solid as a 
monomolecular layer. No molecules are adsorbed after the 
monomolecular layer is filled. The rate of adsorption at any moment is 
proportional to the concentration of the adsorbate molecules in the 
solution or in the gas and to the fraction of free sites on the solid 
surface. Simultaneously, molecules are desorbed from the solid and 
the rate of desorption is proportional to the fraction of occupied sites. 
At equilibrium, the rate of adsorption is equal to the rate of 
desorption. 
Freundlich Isotherm was proposed originally as an empirical equation. 
The Freundlich isotherm was shown later to have some 
thermodynamic justification. It has also been modified for binary 
mixtures It is mainly applicable to liquid system.
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BET EQUATION[by Brunauer, Emmett and Teller]
One of the shortcomings of Langmuir’s theory is the assumption that no 
further net adsorption occurs once the monomolecular layer is full. In reality, 
additional molecules do adsorb on the monolayer, although with a 
considerably weaker bond. To address this difficulty, models of multilayer 
adsorption have been proposed. One of these models is the BET isotherm, 
developed by Brunauer, Emmett and Teller.
The BET theory admits multilayer adsorption with increasingly weaker bonds 
(smaller energy of adsorption) for each subsequent layer. The equilibrium 
expression corresponding to the BET theory is given  in terms of partial 
pressures.

𝑥 =
𝑥𝑚𝐾 Τ𝑃 𝑃0

1 + 𝐾 − 1 Τ𝑃 𝑃0 1 − Τ𝑃 𝑃0
P = partial pressure of the adsorbate in the gas; 
𝑃0 =vapor pressure of the pure adsorbate
𝑥𝑚=  monolayer value of x;     K =a constant.
Note that the ratio P/ 𝑃0 = 𝜋 the activity of the adsorbate.

1 + 𝐾 − 1 Τ𝑃 𝑃0 1 − Τ𝑃 𝑃0 =
𝑥𝑚𝐾 Τ𝑃 𝑃0

𝑥

1 + 𝐾 − 1 𝜋 1 − 𝜋 =
𝑥𝑚𝐾𝜋

𝑥
1

𝑥

𝜋

1 − 𝜋
= 𝑓 =

𝐾 − 1

𝑥𝑚𝐾
𝜋 +

1

𝑥𝑚𝐾
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• A sample of the powder is brought to contact with nitrogen
vapors at the temperature of liquid nitrogen. The quantity 
of nitrogen adsorbed by the powder as a function of the 
partial pressure of nitrogen is determined. The BET 
monolayer value is calculated from the data. From that, the 
specific surface of the powder is calculated, assuming that 
one gram of nitrogen covers, as a monomolecular layer, a 
solid surface of 3485m2.
An absorbent powder was subjected to the nitrogen 
adsorption experiment described above. The quantities of 
nitrogen adsorbed per one gram of powder at different 
pressures of nitrogen are given in Table  . Calculate the 
specific surface area of the powder.
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SINGLE STAGE EXTRACTION

• Y= kg solute/kg of fluid;    X-kg of solute /kg of adsorbent
• 𝐿𝑠= kg of fluid     𝑆𝑠 = kg of adsorbent

• 𝐿𝑆 𝑌𝑜 − 𝑌1 = 𝑆𝑆 𝑋1 − 𝑋𝑜 26



SINGLE STAGE ADSORPTION FOR SYSTEMS 
OBEYING FREUNDLICH EQUATION

• 𝑌∗ = 𝑚𝑋𝑛

• 𝑋1 =
𝑌1

𝑚

Τ1 𝑛

• 𝐿𝑆 𝑌𝑜 − 𝑌1 = 𝑆𝑆 𝑋1 − 𝑋𝑜
• For fresh adsorbent Xo = 0

•
𝑆𝑆

𝐿𝑆
=

𝑌𝑜−𝑌1

𝑋1
=

𝑌𝑜−𝑌1

𝑌1
𝑚

Τ1 𝑛
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MULTISTAGE ADSORPTION

• 𝐿𝑆 𝑌𝑜 − 𝑌1 = 𝑆𝑆1 𝑋1 − 𝑋𝑜
• 𝐿𝑆 𝑌1 − 𝑌2 = 𝑆𝑆2 𝑋2 − 𝑋𝑜
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MULTIPLE STAGE CROSS CURRENT ADSORPTION 
FOR SYSTEMS OBEYING FREUNDLICH EQUATION

•
𝑆𝑆1

𝐿𝑆
=

𝑌𝑜−𝑌1

𝑌1
𝑚

Τ1 𝑛

•
𝑆𝑆2

𝐿𝑆
=

𝑌1−𝑌2

𝑌2
𝑚

Τ1 𝑛

• Total amount of 
adsorbent used:

•
𝑆𝑆1+𝑆𝑆2

𝐿𝑆
=

𝑚1/𝑛 𝑌𝑜−𝑌1

𝑌1
Τ1 𝑛 +

𝑌1−𝑌2

𝑌2
Τ1 𝑛

•
𝑑

𝑆𝑆1+𝑆𝑆2
𝐿𝑆

𝑑𝑌1
= 0

•
𝑑

𝑑𝑌1
൤

𝑌𝑜

𝑌1
Τ1 𝑛 −

𝑌1

𝑌1
Τ1 𝑛 −
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Minimum total adsorbent two stage cross current
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MULTISTAGE COUNTERCURRENT 
OPERATION

• 𝐿𝑠 𝑌𝑜 − 𝑌𝑁𝑃 =
𝑆𝑆 𝑋1 − 𝑋𝑁𝑃+1

2



• 𝐿𝑠 𝑌𝑜 − 𝑌2 = 𝑆𝑆 𝑋1 − 𝑋0
• 𝐿𝑠 𝑌1 − 𝑌2 = 𝑆𝑆 𝑋2 − 𝑋0

• 𝑋1 =
𝑌1

𝑚

Τ1 𝑛
𝑎𝑛𝑑𝑋2 =

𝑌2

𝑚

Τ1 𝑛

•
𝑆𝑆

𝐿𝑆
=

𝑌𝑜−𝑌2

𝑌1
𝑚

Τ1 𝑛 =
𝑌1−𝑌2

𝑌2
𝑚

Τ1 𝑛
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Two stage counter current
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• An aqueous solution containing coloured impurity to be 
removed by adsorption on a carbon. The Freundlich
equation is: 

• 𝑌∗ = 8.91 𝑥 10−5𝑋1.66

• Y=Equilibrium Unit of colour/kg of solution

• X= Adsorbate concentration, 
𝑢𝑛𝑖𝑡𝑠 𝑜𝑓 𝑐𝑜𝑙𝑜𝑢𝑟

𝑘𝑔 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛

• It is desired to reduce the colour to 10% of its original 
value of 9.6unit. Determine the quantity of fresh 
carbon required per 1000kg of solution for a (i) single 
stage (ii) two stage cross current using minimum total 
amount on carbon. and (iii) two stage counter current 
process
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OPERATING LINE AND MINIMUM 
ADSORBENT/SOLVENT RATIO FOR INFINITE STAGES
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BREAKTHROUGH CONCENTRATION PROFILE in fluid at 
outlet of bed

• Mass Transfer Zone: the narrow part of the adsorption column where adsorption 
takes place at any point of time. It is a S shaped.

• Break Point: The point at which traces of solute is detected at the outlet. Generally 
when cb/co = 0.01 to 0.05

• End point of breakthrough curve: cd when c/co = 1. Bed is totally effective.

• For narrow mass transfer zone the breakthrough curve is very steep and most of the 
bed capacity is used at break point

• For very fast mass transfer rate it is vertical

7

Time Conc at 
outlet,c

Τ𝑐 𝑐𝑜



BREAK THROUGH CURVE

8



Mass Transfer zone
Mass Transfer Zone: the 
narrow part of the 
adsorption column 
where adsorption takes 
place at any point of 
time. It is a S shaped 
curve.
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H Τ𝑐 𝑐𝑜
at 𝒕𝟏

Τ𝑐 𝑐𝑜
at 𝒕𝟐

Τ𝑐 𝑐𝑜
at 𝟑

Τ𝑐 𝑐𝑜
at 𝒕𝟒



Capacity of column

• The stoichiometric capacity of the packed bed tower is 
proportional to shaded area[area between the curve and c/c0 =1. 

• Time equivalent to total capacity[hatched area]:

• 𝑡𝑡 = 0׬
∞

1 −
𝑐

𝑐𝑜
𝑑𝑡

• Time equivalent to the usable capacity,[cross hatched area:

• 𝑡𝑢 = 0׬
𝑡𝑏 1 −

𝑐

𝑐𝑜
𝑑𝑡
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• Fraction of the bed height utilized till break 
point= Τ𝑡𝑏 𝑡𝑢

• If Ht= total bed height, Hb= usable bed height 

• 𝐻𝐵 =
𝑡𝑢

𝑡𝑡
𝐻𝑇

• Unused Bed height

• 𝐻𝑈𝑁𝐵 = 1 −
𝑡𝑢

𝑡𝑡
𝐻𝑇

• 𝐻𝑇 = 𝐻𝐵 +𝐻𝑈𝑁𝐵
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1.Batch tests were performed in the laboratory using solutions of 
phenol in water and particles of granular activated carbon. The 
equilibrium data at room temperature are given below Determine the 
isotherm that fits the data:

Kg of phenol per m3 of solution 0.322 0.117 0.039 0.0061
0.0011

Kg of phenol per kg of carbon 0.150 0.122 0.094 0.059 0.045

2. Equilibrium isotherm for adsorption of glucose from an 
aqueous solution to activated alumina are as follows Determine the 
isotherm that fits the data and give the constants of the equation.

[Ans :Langmuir, q= 0.145c/(0.0174+c)  ]

g of glucose/cm3 of sol. 0.004 0.0087 0.019 0.027 0.094 0.195

g of glucose/g alumina 0.026 0.053 0.075 0.082 0.123 0.129
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• 3. A waste water solution having a volume of 1.0m3 
contains 0.21 kg phenol/m3 of solution(0.21g/L) A total 
of 1.40kg of fresh granular activated carbon is added to 
the solution, which is then mixed thoroughly to reach 
equilibrium. Using the isotherm data, what are the final 
equilibrium values and what percent of phenol is 
extracted?

• 4. A waste water solution having a volume of 2.5m3 
contains 2.5 kg of phenol /m3 of solution. This solution 
is mixed thoroughly in a batch process with 3.0 kg of 
granular activated carbon. Calculate final equilibrium 
values and the percent phenol extracted. 
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5.A waste stream of alcohol vapour in air from a process was adsorbed by activated 
carbon particles in a packed bed having a diameter of 4 cm and length of 14 cm 
containing 79.2 g of carbon.  The inlet gas stream having a concentration co of 600 
ppm and a density of 0.00115 g/cm3 entered the bed ata flow rate of 754cm3/s.  The 
break point concentration is set at c/co = 0.01

Time,h 0        3    3.              4             4.5 5            5.5       6.0 6.2 6.5 6.8

c/co 0       0     0.002    0.030     0.115 0.396   0.658     0.903 0.933 0.975 0.993

a) Determine the break point time, the fraction of the total capacity 
used up to the break point, and the length of the unused bed. Also determine 
the saturation loading capacity of the carbon.

b) If the break point time required for a new column is 6.0 h what is the 
new total length of the column required? 

c) The break point time for a new column is to be 8.5 hour. Calculate 
the new total length of the column required, column diameter, and the 
fraction of the total capacity used upto break point.  The fow rate is to remain 
constant at 754cm3/s.

d) Repeat part c, but the flow rate is to be increased to 2000cm3/s
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