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Definitions

Absorption, or scrubbing, is the removal of a component (the solute or 
absorbate) from a gas stream via a (ideally) nonvolatile liquid (the solvent or 
absorbent).
Desorption, or stripping, is the removal of a component from a liquid stream 
via vaporization and uptake by an (ideally) insoluble gas stream.
Absorption and stripping are opposite unit operations, and are often used 
together as a cycle.
Both absorption and stripping can be operated as equilibrium stage processes 
using trayed columns or, more commonly, using packed columns.

Natural gas purification based on amine absorption-striping cycle



The amount of each component absorbed depends on 
the number of equilibrium stages and the component’s 
absorption factor. i
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Industrial Applications



The Ideal Absorbent 

High solubility for solute(s).

Low volatility to reduce loss.

Stability and inertness;

Low corrosiveness.

Low viscosity and high diffusivity.

Low foaming proclivities; 

Low toxicity and flammability.



Widely Used Absorbents and Stripping Agents

Absorbents

Water

Hydrocarbon 
oils

Aqueous 
solutions of 

acids and bases

Stripping 
Agents

Steam

Air

Inert gases

Hydrocarbon 
gases



Issues of Setting P and T
Absorber operating pressure should be high and temperature low in 
order to minimize stage requirements and/or absorbent flow rate, and 
to lower the equipment volume required to accommodate the gas flow.

Unfortunately, both compression and refrigeration of a gas are expensive. 
Therefore, most absorbers are operated at feed-gas pressure, which may be 
greater than ambient pressure, and at ambient temperature, which can be 
achieved by cooling the feed gas and absorbent with cooling water, unless one 
or both streams already exist at an ambient or subambient temperature.

Operating pressure should be low and temperature high for a stripper 
to minimize stage requirements and stripping agent flow rate.

However, because the maintenance of a vacuum is expensive, and steam jet 
exhausts are polluting, strippers are commonly operated at a pressure just 
above ambient. 
A high temperature can be used, but it should not be so high as to cause 
vaporization or undesirable chemical reactions. The possibility of phase 
changes occurring can be checked by bubble-point and dew-point calculations.



Phase Contacting Equipment

When multiple stages are required, phase contacting is 
mostly carried out in columns: 

The most common devices are cylindrical, vertical columns 
containing trays or packing.
Less common are spray towers, bubble columns, and 
centrifugal contactors.

Figure 6.2 Industrial equipment for absorption and stripping: (a) trayed tower; (b) 
packed column; (c) spray tower; (d) bubble column; (e) centrifugal contactor.



Tray Columns

Operational flexibility is reported in 
terms of turndown ratio (ratio of 
maximum-to-minimum vapor flow 
capacity).



Packed Columns

A packed column is a vertical, 
cylindrical vessel containing one or 
more sections of packing over whose 
surface the liquid flows downward as 
a film on the packing and walls, or as 
droplets between packing elements.
Feed gas enters at the bottom, 
passes through a vapor distributor, 
and flows upward through the 
wetted packing, thus contacting the 
liquid and passing out the top.
Liquid enters at the top into a liquid 
distributor, flows downward through 
the packed sections, and leaves at 
the bottom.



Types of Packing

Packing

Random (dumped) 
packing.

Structured packing of 
crimped layers of 

mesh or corrugated 
sheets.

Grid packing that have 
an open-lattice 
structure.
•Mainly for heat transfer 
and washing.

https://www.sulzer.com/en/shared/products/column-internals
https://koch-glitsch.com/

https://www.sulzer.com/en/shared/products/column-internals
https://koch-glitsch.com/




Choice Between Trays and Packing

Trayed towers can be designed more reliably.
Use of structured packing should be avoided at pressures 
above 200 psi and liquid flow rates above 10 gpm∕ft2.
Structured packing, though expensive, are the best choice 
for installations when pressure drop is a factor or for 
replacing existing trays (retrofitting) when a higher capacity 
or degree of separation is required.
Turbulent liquid flow is desirable if mass transfer is limiting 
in the liquid phase, and a continuous, turbulent gas flow is 
desirable if mass transfer is limiting in the gas phase.

Usually, the (continuous) gas phase is mass-transfer-limiting in 
packed columns and the (continuous) liquid phase is mass-transfer-
limiting in tray columns.



Choice Between Trays and Packing

Pros
•Low pressure drop required e.g., 

vacuum systems.
•Small diameters possible (< 0.5 

m).
•Can handle foaming systems.
•Low capital, operating, and 

maintenance cost.
•Simple construction.
•Can handle corrosive materials 

due to corrosion-resistant packing.
•Can handle severe foaming 

systems.
•Reduces back mixing in 

comparison to spray columns.
•Better mass transfer than in spray 

columns

Cons
•Fewer stages compared to other 

columns.
• Channeling, which must be 

controlled by redistributing liquid.
• Cannot handle extremely high or 

low flow rates.
• Cannot handle liquids with high 

viscosities.
• Need to be preferentially wetted 

to avoid reduction of the 
interfacial area to volume ratio.

Pros
• The liquid/vapor contact 

in the cross-flow of plate 
columns is more 
effective than the 
countercurrent flow in 
packed columns.

• Can handle high or low 
liquid flow rates cost-
effectively

• Can handle solids.
• Easily customized to 

specific requirements 
such as operations 
requiring much heat.

Cons
• Higher pressure drops 

than packed columns.
• Slow reaction rate 

processes.
• Plugging and fouling 

may occur.



Graphical Methods for Tray Towers

Values of L’ and V’ remain constant
throughout the tower because only solute
undergoes mass transfer between phases



Equilibrium Curves for the Solute

For the solute at any stage n, the K-value is given 
by:

The equilibrium curve will not be a straight line, 
but it will pass through the origin.
If the solute undergoes an irreversible liquid-
phase chemical reaction with the solvent to make 
a nonvolatile product, the equilibrium curve will 
be a straight line of zero slope, passing through 
the origin. 
For a pure stripping agent, the operating line 
extends to Y = 0.
For a pure absorbent, it goes through X = 0.
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Operating Lines (from Solute Material Balances)

Exiting and entering solute 
compositions and solute-free 
flowrates are paired:

Absorbers
Pairs at the top are: (X0,L’) and (Y1, V’).
Pairs at the bottom are: (XN,L’) and (YN+1, V’).

Strippers
Pairs at the top are: (XN+1,L’) and (YN, V’).
Pairs at the bottom are: (X1,L’) and (Y0, V’).

Solute material balances are written 
around one end of the tower and an 
arbitrary equilibrium stage, n.



Absorbers and Strippers Operating Lines

Absorber

Stripper

Operating lines plot terminal points represent 
conditions at the top and bottom of the tower.

For absorbers, the operating line is above the 
equilibrium curve because, for a given solute 
concentration, X, in the liquid, the solute 
concentration, Y, in the gas is always greater than the 
equilibrium value, thus providing a mass-transfer 
driving force for absorption. 
For strippers, operating lines lie below equilibrium 
lines, thus enabling desorption. Operating lines are 
straight with a slope of L′∕V′.
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' '
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Minimum Absorbent Flow Rate (for ∞ Stages)

Operating lines for four different solute-
free absorbent flow rates, L′, are shown 
for a fixed solute-free gas feed rate, V′.
In each case, the solute concentration in 
the exiting gas, Y1, is the same. 

Each operating line passes through the 
terminal point, (Y1, X0), at the top of the 
column.
To achieve the desired value of Y1 for given 
YN+1, X0, and V′, the solute-free absorbent 
flow rate L′ must be between an ∞ 
absorbent flow with L′∕V′= ∞, as 
represented by operating line 1, and a 
minimum absorbent rate (corresponding to 
∞ stages), L′min, as represented by 
operating line 4, with the equilibrium curve 
and operating line intersecting at YN+1.

Intermediate operating lines 2 and 3, 
correspond to 2 and 1.5 times L′min, 
respectively. The solute concentration in 
the outlet liquid, XN, depends on L′.



Operating line can terminate at the equilibrium line as in operating line 
4 but cannot cross it because that would be a violation of the second 
law of thermodynamics.
The minimum absorbent flow rate, L′min, corresponds to a value of XN
(leaving the bottom of the tower) in equilibrium with YN+1, the solute 
concentration in the feed gas.

An infinite number of stages for this equilibrium to be achieved is 
required. 



Solute material 
balance over the entire 
absorber with n = N :

Distribution coefficient 
for stage N for the 

minimum absorbent 
rate

Combine the material 
balance and definition 

of distribution 
coefficient
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Special Cases

For dilute solutes, where Y ≈ y and X ≈ x, the minimum liquid rate 
approaches:

For the entering liquid with X0 ≈ 0:

This equation confirms that:

Absorbent flowrate is some multiple of L′min, typically from 1.1 - 2.
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Determining Minimum Vapor Rates for Strippers

For dilute solutes, where Y ≈ y and X ≈ x, the minimum vapor rate 
approaches:

This equation confirms that:

Stripping factors are optimal at about 1.4.
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Determination of the Number of equilibrium Stages: Absorption

Obtain VLE curve

Obtain the absorption operating 
line (atop of the equilibrium 

curve for absorption).

The operating line is produced 
using the two points (X0,Y1) and 

(XN,YN+1).

Step horizontally from the point 
(X0,Y1) and follow the staircase.

Count the number of stages by 
how many times the staircase 

hits the equilibrium curve.

An exact integer number of stages is rare; usually fractions of stages arise.



Determination of the Number of equilibrium Stages: Stripping

Obtain VLE curve

Obtain the stripping operating 
line (below the equilibrium 

curve for stripping).

The operating line is produced 
using the two points (X1,Y0) 

and (XN+1,YN).

Step horizontally from the 
point (XN+1,YN) and follow the 

staircase.

Count the number of stages by 
how many times the staircase 

hits the equilibrium curve.

An exact integer number of stages is rare; usually fractions of stages arise.



EXAMPLE 6.1 Recovery of Ethyl Alcohol.
In a bioprocess, molasses is fermented to produce a liquor containing ethyl alcohol. A 
CO2-rich vapor with a small amount of ethyl alcohol is evolved. The alcohol is recovered 
by absorption with water in a sieve-tray tower. Determine the number of equilibrium 
stages required for countercurrent flow of liquid and gas, assuming isothermal, isobaric 
conditions and absorption of ethanol only. Entering gas is 180 kmol∕h, 98% CO2 and 2% 
ethyl alcohol, 30oC, 110 kPa. Entering liquid absorbent is 100% water, 30oC, 110 kPa.
Required recovery (absorption) of ethyl alcohol is 97%.









Kremser Group Method for Multicomponent Absorption or Stripping

Graphical method becomes unsuitable for:
1. Problem specifications fix the number of stages rather than the percent 

recovery of solute.
2. More than one solute is absorbed or stripped
3. The location of the equilibrium curve is unknown because the optimal 

operating T and P have not been established
4. Very low or very high concentrations of solute force the construction to 

the corners of the diagram so that multiple Y–X diagrams of varying 
scales are needed to achieve accuracy.

When the graphical method is unsuitable, the analytical method 
of Kremser is useful for obtaining results that can be used to 
initialize rigorous methods in process simulators.

Group method that relates the number of equilibrium stages to the 
recovery of one key component in a single-section, countercurrent cascade 
used for multicomponent absorption or stripping.
Called a group method because it only provides an overall treatment of the 
group of stages in the cascade.
The procedure does not consider detailed changes in T, P, phase 
compositions, and flow rates from stage to stage.



Kremser Equations for Absorption and Stripping

Absorption: fraction of species not 
absorbed

Stripping: fraction of species not 
stripped
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Figure 6.15 Plot of the Kremser equation for a single-section, countercurrent cascade.



EXAMPLE 6.2 Recovery of Ethyl Alcohol Using
the Kremser Equation.
Repeat Example 6.1 for the recovery of ethyl alcohol from CO2 by absorption in water, 
using the Kremser method. Assume the absorber operates at 30oC and 110 kPa. The 
total entering gas flow rate is 180 kmol/h with 2 mol% ethanol. The absorbent is pure 
water. The specified recovery of ethanol is 97%. From Example 6.1, the K-value
for ethanol is 0.57. Assuming an entering absorbent flow rate of 1.5 times the minimum, 
determine the following:
(a) The number of equilibrium stages required
(b) The fraction of the entering water stripped into the gas
(c) The fraction of the entering CO2 absorbed by the water





Rate Based Methods for Packed Columns

Packed columns are continuous, differential-contacting 
devices that do not have physically distinguishable, 
discrete stages.

Model Discrete stage-wise model (Tray columns) Differential continuous 
contacting model

Equilibrium between
phases (VLE)

Equilibrium stage model (most common in 
practice!)
Such as McCabe-Thiele or dilute: Fenske, 
Kremser

Can’t be used. May replace it 
with HETP model.

Non equilibrium (rate 
based)

Assume Nonequilibrium between bulk 
phases.
May use two film theory or surface 
renewal/penetration theories.

Two-film approach is the 
most common:
For nondilute systems 
numerical integration is 
required.
For dilute systems: log-mean
formula is used.



Rate Based Methods for Packed Columns

Packed columns are better described by mass transfer 
models than by equilibrium-stage concepts. 
In practice, packed-tower performance is often 
presented on the basis of equivalent equilibrium stages 
using a packed height equivalent to a theoretical 
plate/stage, the HETP or HETS:

No theoretical basis!

Packing heightHETP
Number of equivalen equilibrium stages

T

t

l
N

= =

Usually, the lower the HETP, the more expensive and complex the packing.



EXAMPLE HETP
To illustrate the HETP concept, consider Example 6.1, which involves the recovery of
ethyl alcohol from a CO2-rich vapor by absorption with water.
From Example 6.2, the required Nt is 6.46. If experience shows that the use of 1.5-inch 
metal Pall rings will produce an average HETP of 2.25 ft, then the packed height from 
lT = (HETP)Nt = 2.25(6.46) = 13.7 ft.
If metal Intalox IMTP #40 random packing has an HETP = 2.0 ft, then lT = 12.9 ft.
With Mellapak 250Y sheet-metal structured packing, the HETP might be 1.2 ft, giving lT
= 7.75 ft.



Kister Estimates of HETP

Modern random packing with 
low-viscosity liquids:
• HETP (ft) = 1.5xDp (in)

Structured packing at low-to-
moderate pressures and low-
viscosity liquids:
• HETP(ft) = 100/a (ft2/ft3) + 0.333

Absorption with a viscous 
liquid
• HETP (ft) = 5 to 6

For Vacuum service:
• HETP (ft) = 1.5xDp (in)+ 0.5

For small-diameter towers less 
than 2 ft in diameter:
• HETP(ft) = diameter in feet; but not 

less than 1 ft

For high-pressure service with 
structured packing:
• HETP(ft) > 100/a (ft2/ft3) + 0.333

Dp (in) is the nominal diameter of random packing
a (ft2/ft3) is the specific surface area of structured packing

KISTER, H.Z., Distillation Design, McGraw-Hill, New York, (1992).



Mass Transfer Rate-Based Column Height

It is preferable to determine the 
packed height from theoretically 
based methods involving mass-
transfer coefficients.
Consider the countercurrent-flow 
packed columns of packed height lT
shown.
For packed absorbers and strippers, 
operating-line equations analogous 
to those in tray towers can be 
derived.



Deriving the Operating Line: Absorbers and Strippers

A molar material balance for the solute, 
around the upper envelope of packed 
height, l, gives:

Assuming dilute solutions such that:
Vl = Vin = Vout = V and Ll = Lin = Lout = L.

Similarly for a stripper

in in l l out outx L yV xL y V+ = +

out in
L Ly x y x

V V
= + −

in out
L Ly x y x

V V
= + −



Two-Film Theory

mole fractions y and x represent bulk compositions of the gas 
and liquid in contact at any vertical location in the packing.
For absorption, with solute mass transfer from the gas to the 
liquid stream, the two-film theory applies.

A concentration gradient exists in each thin film. 
At the interface between the two phases, physical equilibrium exists. 
Thus, as with trayed towers, an operating line and an equilibrium line are 
of great importance for packed towers.

For a given problem specification, the
location of the operating and equilibrium
lines is independent of whether the tower
is trayed or packed.
Determining the minimum absorbent
liquid or stripping vapor flowrates in a
packed column is identical to that for
trayed towers.



Use of Mass Transfer Coefficients and Interfacial Area

The rate of mass transfer for absorption or stripping can 
be expressed in terms of mass-transfer coefficients for 
each phase. 

MT Coefficients, k, based on a unit area for mass transfer 
could be used, but the area for interfacial mass transfer in a 
packed bed is difficult to determine.
Accordingly, as with mass transfer in the froth of a trayed 
tower, it is common to use volumetric mass-transfer 
coefficients, ka, where the variable a represents the interfacial 
area for mass transfer between phases per unit volume of 
packed bed.



Mass Transfer Rates

At steady state, in the absence of chemical reactions, the rate of 
solute mass transfer through the gas-phase film must equal the 
rate through the liquid film.

If the system is dilute in solute, unimolecular diffusion (UMD) is 
approximated by the equations for equimolar counter-diffusion (EMD). 
The solute mass-transfer rate per unit volume of packed bed, r, is written 
in terms of mole-fraction driving forces in each phase (or in terms of a 
partial-pressure driving force in the gas phase and a concentration driving 
force in the liquid).

Using mole fractions for absorption, with the subscript I to denote 
the phase interface, the solute mass-transfer rate is

( ) ( )y I x Ir k a y y k a x x= − = −

volumetric mass-
transfer coefficient 
for the gas phase

volumetric mass-
transfer coefficient 
for the liquid phase



Interfacial Compositions

At the interface, phase 
equilibrium exists between yI
and xI. 
The composition at the interface 
depends on the ratio kxa∕kya
from the definition of r:

A straight line of slope −kxa∕kya, 
drawn from the operating line at 
the bulk composition point (y, x), 
intersects the equilibrium curve 
at (yI, xI).

I x

I y

y y k a
x x k a
−

= −
−



Relative Resistances

The slope −kxa∕kya determines the relative resistances of
the two phases to mass transfer. 

The distance AE is the gas-phase driving force (y − yI).
The distance AF is the liquid-phase driving force (xI − x).
If the resistance in the gas phase is very low, yI ~y. 

Then, the resistance resides entirely in the liquid phase. 
This occurs in the absorption of a slightly soluble solute in the liquid phase(a solute 
with a high K-value, e.g., CO2).
Referred to as a liquid-film controlling process.

If the resistance in the liquid phase is very low, xI ~x. 
Then, the resistance resides entirely in the gas phase. 
This occurs in the absorption of a very soluble solute in the liquid phase (a solute 
with a low K-value, e.g., NH3) .
Referred to as a gas-film controlling process.

Important to know which of the two resistances is controlling
so that its rate of mass transfer can be increased by promoting turbulence 
and/or increasing the dispersion of the controlling phase.



Interfacial Composition Limitations: Overall MT Coefficients

The composition at the interface between two phases is 
difficult to measure, so overall volumetric mass-transfer 
coefficients are defined in terms of overall driving forces 
between the two phases. Using mole fractions,

y∗ is the fictitious vapor mole fraction in equilibrium with the 
bulk liquid mole fraction, x, and x∗ is the fictitious liquid 
mole fraction in equilibrium with the bulk vapor mole 
fraction, y.

( ) ( )* *y xr K a y y K a x x= − = −

Overall mass-
transfer coefficient 
for the gas phase

Overall mass-
transfer coefficient 
for the liquid phase



Overall and Local MT Coefficients

Overall MT coefficients can be expressed in 
terms of local phase coefficients:

For dilute solutions:
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Packed Column Height

Assume a dilute system in a countercurrent-
flow absorption column.
using a differential material balance for a 
solute being absorbed in a differential height 
of packing dl gives:

Assuming constant overall mass transfer 
coefficients and 

( )*y TVdy K a y y A dl− = −

Cross sectional 
area of tower
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Height and Number of Transfer Units (HTU and NTU)

Chilton and Colburn suggested that:

Experimental data show that:
HTU varies less with V than does Kya. 
The smaller the HTU, the more efficient 
the contacting.
NTU represents the overall change in 
solute mole fraction divided by the 
average mole-fraction driving force. 
The larger the NTU, the greater the time 
or area of contact required.
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Overall number 
of (gas) transfer 
units (NTU)

Overall height of a 
(gas) transfer unit 
(HTU)



Packed Height from Linear Equilibrium Case

The integral NOG was integrated by Colburn, who used a 
linear equilibrium, y∗= Kx, to eliminate y∗ and a linear 
solute material-balance operating line to eliminate x, 
yielding:

Warning: a very sensitive calculation when A< 0.9.

( ) ( ) ( ){ }
( )

ln 1 /in in out in
OG

y Kx y Kx
N

− − +      =
A-1 A A

A-1 A



HTU and NTU vs. HETP and Nt

NTU (NOG) and HTU (HOG) are not equal to the number of 
equilibrium stages, Nt, and HETP, respectively, unless the 
operating and equilibrium lines are straight and parallel.
When the operating and equilibrium lines are straight but not 
parallel, ( )

( )
( )

( )

ln 1 /
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NTU and HTU: Alternative Mass-Transfer Coefficient Groupings







EXAMPLE 6.13 Absorption of Ethylene Oxide.
A gaseous reactor effluent of 2 mol% ethylene oxide in an inert gas is scrubbed with water at 30oC and 20 
atm. The gas feed rate is 2,500 lbmol∕h, and the entering water rate is 3,500 lbmol∕h. The column diameter 
is 4 ft, and the column is packed in two 12-ft-high sections with 1.5-inch metal Pall rings. A liquid 
redistributor is located between the packed sections. At column conditions, the K-value for ethylene oxide 
is 0.85, and the estimated values of kya and kxa are 200 lbmol∕h-ft3-Δy and 165 lbmol∕h-ft3-Δx. Calculate: (a) 
Kya and (b) HOG.
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