CH 308: Process Equipment Design

Assignment #4: Design of Mass Transfer            Equipment
Design of an Adsorption Column
Introduction

Adsorption is a process that occurs when a gas or liquid solute accumulates on the surface of a solid or, more rarely, a liquid (adsorbent), forming a molecular or atomic film (the adsorbate). It is different from absorption, in which a substance diffuses into a liquid or solid to form a solution. The term sorption encompasses both processes, while desorption is the reverse process.
One of the major problems associated with continuous adsorption processes is the transportation of the solid adsorbent. It is only recently that the problem has been tackled for sufficiently large scale industrial applications. The choice of the mode of transport depends mainly on the solid characteristics. 

In the given case the solid is made of fine particles and is free flowing, thus a screw conveyor of 12 inch diameter should suffice. It should be noted that the solid is highly abrasive and the conveyor should be built for continuous operation at changing temperatures.

In the case of continuous contact adsorption, it is necessary to regenerate the adsorbent solid for reuse. Usual methods of regeneration are Temperature and Pressure based. In the Temperature based regeneration, the spent adsorbent is heated, usually in contact with direct steam, which is not possible in the case of silica gel. Silica gel has a very high affinity for water and the solid becomes unusable if the water adsorbed exceeds 5%. Usually indirect heating methods are used in the industry  or the spent silica gel is eluted with an inert gas ( not adsorbed by silica gel). 
Problem Statement
NO2 produced by a thermal process is to be removed from a dilute mixture with air by adsorption on silica gel in a continuous counter-current adsorber. The gas flow rate is 1000 lb/h and contains 1.5% NO2 by volume. It is desired to remove 90% of the NO2. Experimental data for the equilibrium adsorption isotherm at 25 C and 1 atm pressure is given in the following table. 

  

	Partial pressure NO2, mm Hg
	0
	2
	4
	6
	8
	10
	12

	gm NO2/100 g gel
	0
	0.4
	0.9
	1.65
	2.60
	3.65
	4.85


The silica gel has an average particle size of 0.068 in diameter and the external surface of the particle is 10.58 sq. ft/lb. The individual resistances to mass transfer in the fluid and within the solid during adsorption of water vapour from air by silica gel are given by the correlations 

kyap = 188 G0.55 lb H2O/hr cu ft (∆ Y) and 
ksap= 217 lb H2O/ hr cu ft (∆ X) 
where: G is the mass velocity of gas.
Theory:
For purpose of computation the operation can conveniently be considered analogous to gas adsorption, with solid adsorbent replacing the liquid solvent. 
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As in Fig, a solute balance about the entire tower is
Gs (Y1-Y2) = Ss(X1-X2)

And the upper part 

Gs(Y – Y2) = Ss(X-X2)

Where:
Gs = Air flow rate (Kg /m2.s)

Ss = Solid flow rate (Kg /m2.s)

i.e. the mass /(cross sectional area of column ) (time)
X = Kg NO2/Kg silica Gel 

Y= Kg NO2 / Kg NO2 free air 

Thus we get the operating line equation on X, Y coordinates. A straight line of slope Ss/Gs joining the terminal conditions (X1,Y1)and (X2,Y2).The solute concentration X and Y at any level in the tower fall upon this line. 
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We assume here that the conditions are isothermal.

The resistance to mass transfer of solute from the fluid to the adsorbed state on the solid will include that residing in the gas surrounding the solid particles, that corresponds to the diffusion of solute through the gas within the pores of solid ,and possibly an additional resistance at the time of adsorption .if the resistances can be characterized by an overall gas mass transfer coefficient Kyap based on ap , the outside surface of the solid particles, the rate of the solute transfer over the differential height of the adsorber dZ can be written in the usual manner as 

 Ss dx = Gs dY = Ky ap(Y – Y*) dZ
Where Y* = equilibrium composition in the gas corresponding to the adsorbate composition X.
The driving force Y-Y* is then represented by the vertical distance between operating line and the equilibrium curve. Rearranging the above equation and integrating, define the number of transfer units NtOG ,
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The use of an overall coefficient or an overall height of a transfer unit implies that the resistance to mass transfer within the pores of the solid particles can be characterized by an  individual mass transfer coefficient ksap or a height of a transfer unit Hts ,thus ,
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The resistance within the fluid surrounding the particles HtG or the corresponding coefficient kyap can be estimated for moving beds through the correlations available for fixed beds.
Solution Procedure

· One end of the operating line ((X2, Y2)) is fixed by the specifications of the problem and the ordinate (Y1) at the other end is also fixed.
· Using the given fixed point and the equilibrium curve, we draw a tangent through (X2, Y2) to the equilibrium curve. This gives the minimum adsorbent rate required
· We operate at around 1-1.5 times the minimum rate keeping in mind the trade off between better adsorption and the cost of regenerating the adsorbents.

· We then assume, for ease of calculations, the equilibrium curve to be a straight line for the range of values that are encountered in the problem.
· Since the equilibrium curve is a straight line, the overall mass transfer coefficient can be arrived at from the individual mass transfer coefficients.
· Knowing the slope of the equilibrium curve and the value of the overall mass transfer coefficients, we can get the values of  NtOG  and  HtOG and hence Z.

Calculations:
Given Data: 

Gas flow Rate = 1000 lb/ft2h = 1.36 Kg/m2s

Initial NO2 = 1.5 % by Volume 

Final NO2 = 0.15 % by Volume

Equilibrium Adsorption Isotherm data for NO2 and Silica gel at atmospheric pressure and 25 °C 

	Partial Pressure of NO2  (mm Hg)
	Moles of NO2 per Mol of NO2 free air  
	Kg NO2 per Kg of NO2 free air 
	Gram  NO2 per 100 gram of Gel
	Kg NO2 per Kg of Gel

	0
	0
	0
	0
	0

	2
	0.00264
	0.00434
	0.4
	0.004

	4
	0.00529
	0.00869
	0.9
	0.009

	6
	0.00796
	0.01307
	1.65
	0.0165

	8
	0.01064
	0.01748
	2.6
	0.026

	10
	0.01333
	0.02190
	3.65
	0.0365

	12
	0.01604
	0.02636
	4.85
	0.0485


From the above data we got the equilibrium curve between Y and X.
We know the points Y1 and Y2 on the operating curve, and we assumed that X2 = 0, i.e. there is no NO2 present initially in the silica gel that is circulated from the regeneration process.
We got the minimum solid to gas feed ratio by the curve, by drawing a tangent to the equilibrium curve from (X2, Y2). To do so analytically, we need to get an equation for the equilibrium curve. It can be seen from the table below that the Langmuir isotherm fits well for the required range of data.
	X
	Y*
	Y(langmuir)

	0
	0
	0

	0.004
	0.004185
	0.004184

	0.009
	0.008393
	0.008348

	0.0165
	0.012622
	0.013085

	0.026
	0.016875
	0.017418


We took the solid feed ratio (Ss) to be 1.5 times the minimum value. We got the minimum slope of tangent as 0.76. So we have
Ssmin = 742.1 lb/ft2h
Ss / Gs = 1.14 

The gas flux, in terms of the solute free basis is calculated to be 976.4 lb/ft2h = 1.33 Kg/m2s
Or, Ss = 1.14*1.33 = 1.516 Kg/m2.s
We can evaluate X1 as 
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Substituting the values, we get X1=0.0152
Since we assume the equilibrium curve in the given range is linear, we can evaluate NtOG as 
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Where 
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For silica gel:
Average Particle Diameter = 0.068 inches = 0.173 cm

External Surface Area = 10.58 ft2/lb = 2.165m2/Kg

Resistance to mass transfer in fluid during adsorption of water vapor from air by silica gel is 

kyaP = 31.6 G’0.55 kg H2O/ m3 . s. 
ksap= 0.97 Kg NO2/ s m3 (∆ X)
Where G’ is the relative mass velocity of gas.  
A relative velocity is used because the mass transfer coefficient data is usually obtained from experiments done on the fixed bed adsorbers. Relative velocity is introduced to account for the change in the operating conditions in a continuous adsorber

The Gel flow rate in this case is 742.1 lb/ft2h = 1.009 Kg/m2s
Assuming the bed density to be 671.2 Kg/m3, we get the velocity of flow to be 1.009/67.2 =0.015 m/s

The superficial velocity of the gas is Gs/ρ = 1.36/1.181=1.152 m/s
The relative velocity is = 1.152+0.015 = 1.167 m/s, and the mass velocity is 1.167X1.181=1.378 Kg/m2s

It was found that the mass transfer coefficients are inversely proportional to the viscosity of the fluid. Considering this factor and converting to SI units, we get the expressions for mass transfer coefficients of NO2 as

kyap = 0.56 G0.55 Kg NO2/s m3 (∆ Y) and,
ksap= 0.97 Kg NO2/ s m3 (∆ X)
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So the final Height of the adsorber is 11.6 m 

Final design parameters:
1. Minimum solid to gas ratio = 0.76
2. Minimum adsorbent required = 1.009 Kg/m2.sec

3. Actual adsorbent rate = 1.52 Kg/m2.sec

4. NtOG = 4.6
5. HtOG= 2.54 m

6. Z = 11.6 m
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