CP302 Separation Process Principles

Mass Transfer / Set 2 
(Worked) Examples in interface mass transfer, 

mass transfer coefficients, overall coefficients and transfer units

Example 1: 
An exhaust stream from a semiconductor fabrication unit contains 3 mole% acetone and 97 mole% air. In order to eliminate any possible environmental pollution, this acetone-air stream is to be fed to a mass-transfer column in which the acetone will be stripped by a countercurrent, falling water stream at 293  K. The tower is to be operated at a total pressure of 1.013 x 105 Pa. If the combined Raoult-Dalton equilibrium relation may be used to determine the distribution of acetone between the air and the aqueous phase, determine (i) the mole fraction of acetone within the aqueous phase which would be in equilibrium with the 3 mole% acetone gas mixture, and (ii) the mole fraction of acetone in the gas phase which would be in equilibrium with 20 ppm acetone in the aqueous phase. The vapour pressure of acetone at 293 K is 5.64 x 104 Pa.

Solution:
Dalton’s law gives the partial pressure of a component A in the gas-phase as follows: 



[image: image1.wmf]P

y

p

A

phase

gas

A

=

-


where yA is the mole fraction of A in the gas-phase and P is the total pressure in the gas-phase. 

Raoult’s law gives the partial pressure of component A in the gas-phase as follows: 
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where xA is the mole fraction of A in the solution and PA is the vapour pressure of pure A.  

In a perfectly ideal system, where ideal liquid and ideal vapor are assumed, Raoult's law is combined with Dalton’s law to give the following relationship: 
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which will be used to solve Example 1. 

(i) Mole fraction of acetone within the aqueous phase which would be in equilibrium with 3 mole% acetone gas mixture can be expressed as follows: 
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(ii) Mole fraction of acetone in the gas phase which would be in equilibrium with 20 ppm acetone in the aqueous phase is calculated in two stages. First 20 ppm acetone in the aqueous phase is converted to mole fraction of acetone in the aqueous phase as follows:  
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Then the mole fraction of acetone in the gas phase which would be in equilibrium with 20 ppm acetone in the aqueous phase is expressed as follows: 
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Example 2: 
The Henry’s law constant for oxygen dissolved in water is 4.06 x 109 Pa/(mole of O2 per total mole of solution) at 293 K. Determine (i) the equilibrium mole fraction of oxygen in water which is exposed to dry air at 1.013 x 105 Pa and 293 K, and (ii) the corresponding equilibrium solution concentration of oxygen in water.
Solution:
Assuming phase equilibrium at the gas-liquid interface, Henry’s law is usually written as follows: 
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where pA is the gas-phase partial pressure of component A, CA is the liquid phase concentration of component A that is in equilibrium with pA, and HA is the Henry’s law constant for A in appropriate unit (which in this case would be pressure / concentration).
The unit of Henry’s law constant given in Example 2 is Pa/(mole of O2 per total mole of solution), which is pressure / mole fraction. Therefore, we need to write Henry’s law as follows: 
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where xA is the equilibrium mole fraction of A in the liquid phase. 

(i) Equilibrium mole fraction of oxygen in the liquid phase can therefore be calculated using the following expression : 
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Since dry air contains 21 mole percent oxygen, partial pressure of oxygen (poxygen) can be calculated as follows: 
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Using the value of Henry’s law constant given, we get 
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(ii) Equilibrium concentration of oxygen in water can be calculated using the following expression: 
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where CT is the total number of moles of solution per unit volume. 

Assuming the solution to be very dilute, CT can be calculated as follows:   
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Therefore, we get
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Example 3: 
In an experimental study of the absorption of ammonia by water in a wetted-wall column, the overall mass-transfer coefficient, KG, was found to be 2.74 x 10-9 kmol/m2.s.Pa. At one point in the column, the gas phase contained 8 mole % ammonia and the liquid-phase concentration was 0.064 kmol ammonia per m3 of solution. The tower is operated at 293 K and 1.013 x 105 Pa. At that temperature, the Henry’s law constant for ammonia is 1.358 x 103 Pa/(kmol/m3). If 85% of the total resistance to mass transfer is encountered in the gas phase, determine (i) the individual film mass-transfer coefficients, and (ii) the interfacial compositions. 

Solution:
Data provided (with reference to the symbols on the diagram):
Overall mass-transfer coefficient: 
KG  =  2.74 x 10-9 kmol/m2.s.Pa
Molar fraction of ammonia in the bulk gas-phase: 
yAb = 0.08

Concentration of ammonia in the bulk liquid-phase: 
CAb = 0.064 kmol/m3

System temperature:
T = 293 K
System pressure:
P = 1.013 x 105 Pa

Henry’s law constant for ammonia at 293 K: 
HA = 1.358 x 103 Pa/(kmol/m3)

Mass transfer resistance in the gas-phase = 85% of the total resistance

To be determined from the data provided (with reference to the symbols on the diagram):

(i) Individual film mass-transfer coefficients, which are the gas-phase mass-transfer coefficient (kp) and the liquid-phase mass-transfer coefficient (kc).

(ii)
Interfacial compositions (yAi and xAi)
(i) Let us start with equation (58) from the lecture notes: 
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where (1/KG) gives the total resistance to mass transfer, (1/kp) gives the mass transfer resistance in the gas-phase. 

Since the mass transfer resistance in the gas-phase is said to be 85% of the total resistance, we have the following relationship
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Using the numerical values of (1/KG) and (1/kp) and the Henry’s law constant given, we can calculate the liquid-phase mass-transfer coefficient (kc) as follows: 

[image: image18.wmf]c

k

)

m

 Pa/(kmol/

10

 

 

1.358

.s.Pa

kmol/m

 

10

 

 

3.226

1

.s.Pa

kmol/m

 

10

 

 

2.74

1

3

3

2

9

-

2

9

-

´

+

´

=

´


which gives 
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(ii) To determine the interfacial compositions, we need to write the equations expressing the mass transfer NA at steady state as follows: 
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which are equations (52) and (59) of the lecture notes, respectively. 

Since we have already calculated kp, KG and kc, the following equations to calculate the interfacial compositions can be reduced from can be reduced from the above expression: 
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Since 
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, using the data provided the partial pressure at the interface can be calculated as follows:  
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Using the above, concentration at the interface can be calculated as follows: 
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Example 4: 
A wastewater stream is introduced to the top of a mass-transfer tower where it flows countercurrent to an air steam. At one point in the tower, the wastewater stream contains 1 x 10-3 mol A/m3 and the air is essentially pure of any A. At the operating conditions within the tower, the film mass-transfer coefficients are kL = 5 x 10-4 m/s and kG = 0.01 kmol/m2.s.atm. The concentrations are in the Henry’s law region where  
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 with HA = 10 atm/(kmol/m3). Determine (i) the overall mass flux of A, and (ii) the overall mass-transfer coefficients KL and KG. 

Answers:
(i)
Overall mass flux of A = 4.97 x 10-10 kmol/m2.s

(ii)
KL  =  4.97 x 10-4 m/s

KG  =  4.97 x 10-5 kmol/m2.s.atm

Example 5: 
When a mixture of ammonia and air is brought into contact with water, some ammonia dissolves in water. The equilibrium relationship for this system in given by pi = 0.0216Ci, where pi is the partial pressure (in atm) of ammonia in air and Ci is the concentration (in kg/m3)of ammonia in water, which are in equilibrium with each other. A mixture of 10% ammonia and 90% air by moles at 1 atm is in contact continuously with an aqueous solution containing 2.5 g of ammonia per litre. The air velocity is such than the liquid film mass-transfer coefficient and the gas film mass-transfer coefficient are equal. Find the concentration and the partial pressure of ammonia at the interface.     
Sources: 
(i) 
Past CP302 examination papers 
(ii)
URL: http://courses.nus.edu.sg/course/chewch/CN2125/lectures/Week11.ppt





























































Mass transport, NA





Gas film





yAi





xAb





xAi





yAb





Gas phase





Liquid film





Liquid phase








PAGE  
2

_1379953382.unknown

_1379960576.unknown

_1379960684.unknown

_1379961564.unknown

_1379961629.unknown

_1379960663.unknown

_1379956189.unknown

_1379958867.unknown

_1379960234.unknown

_1379958918.unknown

_1379957976.unknown

_1379958183.unknown

_1379958212.unknown

_1379958016.unknown

_1379956276.unknown

_1379956149.unknown

_1379956178.unknown

_1379955522.unknown

_1379951910.unknown

_1379952994.unknown

_1379953008.unknown

_1379952584.unknown

_1379951404.unknown

_1379951825.unknown

_1379950833.unknown

