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Hello everybody. Today we have come to the second lecture on packed bed adsorber
design. Initially 1 had given you an introduction on adsorption, the mechanisms, the
types of adsorber beds and then we had discussed in details regarding the packed bed

adsorber.

We had discussed that it is an unsteady state operation and | had also given you the
concepts of the breakthrough curve, breakthrough point, saturation point, exhaustion bed

exhaustion, etc.

So, today we will be using those concepts and we will be discussing about the design of

a packed bed adsorber.
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Now, tell me one thing generally what we find? Whenever we go for the packed bed
adsorber just like all other problems we find that the problems are usually ill posed,

normally in this particular case the feed flow rate is given, the feed conditions are given



definitely, the concentration of the adsorbate in the feed stream has to be given. Now,
this particular adsorbate has to be removed for purification of the feed stream or for
recovery of the adsorbate from the feed stream. So, naturally there has to be some
particular desired concentration of the adsorbent in the effluent, this is also specified.

Now, based on these inputs you are supposed to design an adsorber bed. What are the
basic information that you require? Definitely first, for this particular adsorbate you
would want to have the maximum possible adsorption, first thing naturally is you have to
choose a suitable adsorbent. Now, once you have chosen a suitable adsorbent then we
have to look for the equilibrium data or we have to generate the equilibrium data in the
laboratory. After that if we assume that there is only a single adsorbate which is being

adsorbed on the solid then after that we have to select a suitable desorption method.

And then we have to we have to find out the property data over the operating range and
naturally see for most of the designs we assume isothermal operation. So, just to check
whether it can be isothermal or not we need to find out the heat of adsorption and also

we need hydrodynamic data to estimate the pressure gradient.

If it is multi component adsorption then in that case definitely we would need additional
data on interaction parameters, etc. Since we are not going to deal with multi component

adsorption | am not going to discuss those.
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So, let us start with the choice of adsorbent, now here | have given a list of the
commonly used adsorbent for different sort of applications. For example, suppose it will
be water treatment, we go for activated carbon, if you want to remove water from say
organics, etc., we either opt for alumina or silica or may be a combination of the two. For
air separation it is carbon molecular sieve and definitely for a large number of operations

we can we also go for the zeolite.

So, depending upon the feed, depending upon the adsorbate which has to be removed, we
are first going to select the adsorbent, once we have selected the adsorbent what next we

will have to do.
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We will have to find out the physical properties. So, just for the convenience | have put
down the physical properties of the conventional adsorbents which are normally used in

packed bed adsorbers in industries.
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And you will find that in one of the problems we are going to refer to those and design

the adsorber.
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So, therefore, these are just the typical properties.
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Now, once you have selected the adsorbent you have collected the properties, next we
are going to specify the size, the shape and shape factors. Now, you tell me on what
should this depend? We will have to select the particle size from the range of sizes that
are available, the typical sizes are mentioned in this particular table for granules, beads
and pellets. So, from the range of sizes that are available we are going to select a suitable

particle size.

What governs the selection of particle size? It is the mass transfer considerations, if
suppose we would want an enhanced mass transfer, naturally for that we would be we
would want a higher interfacial area and so therefore, we would go for smaller size of the
particles. At the same time, with smaller size particles the pressure drop becomes higher,
the axial dispersion is also better. So, from axial dispersion and pressure drop point of
view, we would like to go for a higher size particle while for mass transfer point of view

we would like to opt for a smaller size particle.

So, the optimum size it will be decided from an economic balance between the operating
cost due to pressure drop and the capital investment. And here | have given the sizes both
in millimeters as well as in screen analysis; very frequently for beads we use screen
analysis because you know it is very difficult to manufacture beads of uniform size. And

there is one other very interesting thing and just like we know that the higher mass



transfer rates give higher specific surface area, same way under certain conditions we

find that the pressure drop is lower for higher shapes and higher shape factors as well.
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And there are certain other things for example, if you select spherical particles over
pellets and extrudates we find that they enable higher flow rates and taller towers as
because the pressure drop is lower per unit volume and it is possible that we have a
comparatively uniform and compact loading with completely lesser amount of
subsequent settling and also chances of attrition and crushing. These are also much lower
in this particular case.

And we find that in certain applications there can be situations where we select just like |
had mentioned in the last class. Say, we might select two sizes of adsorbents, we can
have larger size particles at the bed inlets. Suppose we are having a bed and this is the
inlet, this is the outlet, then near to the bed we would be having larger sized particles
because the mass transfer is much more important at the effluent end. So, at the inlet we

might have larger size particles and as we proceed we might have smaller sized particles.

And for most of the cases just as | had mentioned in the last class, normally the
adsorbent bent over and above. We have some particular inert particles like ceramics,
etc. Wthin these larger sized particles, the actual adsorber bed is confined within these

two.



Now, normally there are certain typical sizes for example, 4/6 to 4/10 mesh carbon.
There is certain thumb rule sort of things. This is selected for say gas purification, we
normally select this. Now, normally for liquid adsorption the particle size is smaller and
generally we find, say 20 to 50 mesh carbon can be used for water treatment, etc.

So, these are some of the typical sizes which are normally used in the industries.
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So, well, what we have done, we have selected the adsorbent, we have also considered
the saw the particle, size, shape and also the physical properties we are going to collect.
After that definitely we will be generating the equilibrium data if equilibrium data is

available it is fine for us. Now, we go for the bed design.

Now, the bed design can be done either by a rigorous method. What does the rigorous
method mean? It is definitely the conservation equations, transport equations and also the
thermodynamic equations. Now, one thing you have to remember that since this is an
unsteady state process, the equations will be in the form of partial differential equations.
For an accurate design we would require both energy balance as well as mass balance

equations.

Several fixed bed designs consider isothermal operation and when they consider
isothermal operation naturally we can have the design based on only mass balance itself

which is valid when the adsorbate concentration is low and the heat of adsorption is also



low. So, accordingly for that we can write down the unsteady state mass balance

equation, the equilibrium relationships and we can proceed.

Naturally, one feels that under this condition definitely the design should be much more
accurate, but there are certain things also which we need to consider. For example, we
find that we need a large number of input parameters in order to solve this equation and
the input data is often unavailable and it is quite obvious that the accuracy of the
prediction depends upon the availability and the reliability of the fundamental data. And,
so naturally for most of the cases we do not opt for the rigorous solution.
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On the other hand, we generally in industries the bed design is done by means of an
empirical method or a shortcut method. What is this method? In this method what we do
is along with equilibrium data we also generate the breakthrough curve either in a pilot
scale or maybe in a laboratory scale. We generate the pilot scale data, specifically we
generate the breakthrough curve and then we use this particular breakthrough curve and
then we try to find out certain scale up factors and based on this scale up factors we scale

the design the dimensions of the pilot scale column to the actual column.

Now, under what conditions can we do this? If we really have to take or we if we really
have to use the breakthrough curve which we have generated in the pilot scale for
designing the actual adsorber, then under what condition we can do it. We can do it.

Firstly, definitely it has to be the same adsorbent and the same feed, etc. But, along with



that it we have to remember that the mass transfer coefficient should be the same in both

the pilot scale as well as in the actual adsorber that we want to design.

Now, what the mass transfer coefficient to be same, what should be ensured to be same
in the pilot scale as well as in the actual the plant situation? The mass transfer coefficient
if you find this mass transfer coefficient this is usually obtained from a Sherwood
number. You will be remembering that this is kl d by d. Sherwood number if you
remember this is going to be a function of Reynolds number and Schmidt number. We
know that the Schmidt number is a function of properties of the system - fluid and solid

properties.

So, therefore, first we have selected the same adsorbent; if suppose we will be using a
regenerated adsorbent we will be generating the pilot scale data with the regenerated
adsorbent itself. So, once the adsorbent adsorbate pair has been fixed, so naturally the

Schmidt number has been fixed.

So, under for a particular system Sherwood number is a function of Reynolds number
only which means that the Reynolds number is a function of apart from other things, the
superficial velocity of the fluid. | refer to as the fluid because the same thing is going to

be applicable for gas phase adsorption as well as for the liquid phase adsorption.

Superficial velocity means the volumetric flow rate of the fluid per unit total cross

. . . .. T .
sectional area - for a cylindrical column this is equals to 1 where D is the column

D2

diameter. So, therefore, the first thing that we have to ensure is that if the superficial
velocity which we have designated as U s provided that it is same in the pilot scale as
well as in the actual plant. Only under that condition we can expect that the mass transfer
coefficient is going to be the same in both cases and under that condition if we generate

the breakthrough curve in the pilot scale we can use it for the actual plant as well.

Well, there are certain other things that we need to remember, even for the pilot scale the
height should be such that it comprises of several mass transfer zones. So, in other words
the length of the pilot plant should be several lengths of the MTZ zones, this is one thing
that we need to consider, the other things of course - they are quite evident, we do not

perform any energy balance.



So, we assume the adsorption is isotherm, it is concave to the c¢ axis - the concentration
axis and the other important thing which normally happens is that the length of the MTZ
is constant as it travels along the column. If this length varies, but which does not
happen, then in that case definitely we cannot go for this particular scaling of process.
We will also have to assume that there is no mild distribution, no challenge channeling

and the flow is axially dispersed plug flow, negligible mass transfer resistance.

And fortunately we find that most of the industrial adsorbers they conform to these
assumptions. So, naturally what is the process by which we proceed further design?

Now, what are the things we know, we have all data on the pilot plant.
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What are the data that we have on the pilot plant? We know the column the pilot column
dimensions, we know the D pilot, we know the L pilot, we know the Q pilot, the flow
rate of the feed through the pilot plant. So, we know all these things. So, definitely when
we know these things, we can find out the U s pilot. It is nothing but the Q pilot divided

by the cross sectional area of the pilot.

Normally what we do, we assume the U s for the pilot plant is equal to the U s for the
plant as | have shown here. When that is the case then in that case since we know the D
pilot so, from this particular equation we are in a position to find the D plant, let me

write it down as D plant that will be better.



So, therefore, we can find out the diameter of the actual column. Now, just one thing |
would like to mention in this case for gas phase adsorption we refer to this particular
term as the superficial velocity. And when we deal with liquid flow rates then generally
it has the same units but the physical significance is slightly different, we refer to as the
loading rate. This loading rate is nothing, it is just the volumetric flux which is again
nothing but the superficial velocity. But, normally for liquid phase adsorption we refer to
this particular term as the loading rate and for gas phase adsorption we refer this as the
superficial velocity.

It does not matter whatever it is, first thing that we assume is LR plant equals to LR
pilot. And so, therefore, from there we find out D this is LR for liquid phase adsorption

or this is U s for gas phase adsorption.

There is one other important parameter also which we consider, that is the empty bed
contact time. What is this empty bed contact time? This is also another thing which to
start with we keep it equal then as the design proceeds depending on practical

considerations, etc. we may have to deviate.

And after we have obtained the actual column dimensions we have to see that they
conform to some codes. So, therefore, to confirm to codes we have to change the
dimensions, etc. but once we have finalized the design we need to see that the empty bed
contact time does not exceed the pilot scale and the volumetric flux or the superficial
velocity is also obeyed.

This empty bed contact time is nothing but the volume of the pilot plant by the flow rate
of the feed here and this is usually kept equal in the pilot as well as in the actual case. So
therefore, we find that from the superficial velocity we can find out the D, once we know
the D we know the A and once we know the A we can find out the length of the actual

contactor.

Certain suggestions | would like to give you in this particular respect, these are just
suggestions, it is not that these have to be strictly followed during the design. In fact, you
will find that when we work out two illustration problems you will find that we have
deviated for these, but definitely these things will be serving as some thumb rules for

you.



The first thing is that see when you make the superficial velocity or the loading rate
equal, then in that case we find out the diameter of the actual column from the diameter
of the pilot, quite naturally the flow rate is higher in the actual column, the diameter will
be more. Now, when this we have to provide for this additional diameter how would you
like to provide it, we can either have a larger diameter column or we can have several

pilot scale columns which are operating in parallel.

Now, when we have the several pilot scale columns operating in parallel naturally it is
going to be expensive. But, in this case the advantage is that the full scale and the small
scale units they have identical operation and in the full scale unit also there are no
problems of channeling, mal distribution etcetera which is one thing which we have to

keep in mind when we are going to design the larger column.

On the other hand, if we have a single bed with a larger diameter then in that case it is
definitely a cheaper option, but just the way | have told you. And the other thing is often
it can happen that we can use for small scale and scaled up, we can use the same bed
length, but normally we operate with vertical columns and when we operate with vertical
columns the length by diameter it should be roughly between 3 to 5. So, naturally

keeping these things into consideration the final design has to be formed up.
(Refer Slide Time: 22:16)

Fraction of bed utilised /
Cossidenng simalar bod characterstics in pulot scale & sctual p.\nL_f: same for both cases

For gases
From breakthrough carve 2 rao of ¢ ares between e curve and the concentration aus between £ = 0t 1, ‘ares snder the

curve frome =49 wr=1, " -
%
v d
u/ V4
’
o
’
v ’
Yo
For bguds o < u f
[ Ads) -F ]
f(%)=—x100= L x100 © I
(4ds) g it
X = 9." | te
¢, >, Gt mhe w = w >
- -
{ 4dv) .i'(.,‘m\mlmvdm:rmmuluzxwm

€ =¢C —

So, the once the contactor dimensions are more or less roughly estimated you know the

next thing is to find out the amount of adsorbent. How to find the amount of adsorbent?



We have to find out the fraction of the adsorbent bed that is used because just as we have
found out yesterday that we can allow adsorption till the breakthrough point. And this
particular breakthrough point is decided based on the outlet specification which has been
provided by the customer to the designer.

So, therefore, for finding out the f used you need to have the breakthrough curve. Now,
this breakthrough curve you either generate and if you are fortunate enough then for the
adsorbent that you have selected, there might be some particular literature data where
this breakthrough curve is available.

Now, suppose the breakthrough curve is available how to find out f, can you tell me?
Just if you see, in this particular figure this is a typical breakthrough curve that has been
drawn and this corresponds to ¢ b by c I, this corresponds to t b the breakthrough time
and then we operated till the bed exhaustion. So, therefore, this corresponds to t ex and

this part it corresponds to c ex by c i.

So, therefore, from here what do we find, we find that once this curve is there then the
area is A B C D E. This particular area naturally corresponds to the fraction of adsorbate
which has been adsorbed till the breakthrough time. This is A B D E divided by the area
A B C D E, what should this give you? So, this should give you the fraction of the bed
that has been used for adsorption. So, from there you can find out the fraction that has

been used.

And as | had mentioned in the last class normally we would like to keep it between 0.85
to 0.9, you are going to find that in the pilot scale column often it can also exceed 0.9,
but for actual columns it is usually much lower. And if it is really low then what has to
be done operating two beds in series that we had discussed in the last class itself. So, this
is one particular way by which we can find out the f used.

Normally, for gas phase adsorption we do it, but for liquid phase adsorption it often
happens that the entire breakthrough curve is not available for us. On the other hand,
during liquid adsorption often what happens, the liquid is coming in here, it flows out

from here, this liquid is collected and the cumulative volume of the liquid is measured.

So, very often we find that to find out the adsorbate which has been adsorbed till

breakthrough as a ratio of the adsorbate adsorption till the exhaustion point, normally



what we do is - for situations where this particular curve is very steep and also at the
exhaustion point more or less this is almost equal to 1 and this ¢ b is much less than ¢ ex
or in other words if the curve is quite steep under that particular case we can find out that
at exhaustion what is the amount of adsorbate that has been removed.

This is nothing but the cumulative volume of the liquid collected at exhaustion into the
into ¢ i and for the amount of adsorbate which has been collected till breakthrough this is
the expression. So, very frequently for finding out f we can use this expression and from
the breakthrough experiments we have data on this, from where we can find out f.

Now, | am telling you this because you do not know when you go for the adsorber
design, what will be the data, which are going to be available to you. If the breakthrough
curve is available the area under the curve can be 1, if other than that the cumulative
volume of the liquid which has been collected during the generation of the breakthrough

curve then we can use this particular equation.
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So, from here once you have found out the amount which has been used, naturally from
there you can find out the volume of the bed and you can find out the mass of the bed.
You must have seen in all those property data that I have shown you the bulk density of
their adsorbent is usually available to us. Now, normally what we do, along with the
mass of the actual bed we generally augment it by a safety factor just keeping into

account certain uncertainties, etc.



So, normally we augment it by a safety factor which varies from 1.2 to 2.5 and using that
we can find out the actual mass of adsorbent in the bed and you can find out the total
amount of fluid that has been treated during this entire adsorption cycle. So, that of
course comes out from the volumetric flow rate and the breakthrough time.
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Now, for the breakthrough time again if you have this particular data it is not at all a
problem, this corresponds to the breakthrough time. On the other hand, if you are having
data on the cumulative volume collected you do not have this particular data, then in that
case definitely the cumulative fluid volume which is collected at breakthrough divided
by the volumetric flow rate that gives you the breakthrough time. This particular data
you can get from the pilot scale and then you can use it for the actual plant. So, in this

particular way we can proceed with the design.
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There is just one thing which | would like to mention, see when you are having the
breakthrough data you will find that different curves are generated for adsorption and for
desorption. So, for the design what would you have to do? For the design we would
generally consider the breakthrough curve which has been generated for adsorption
pertaining to our specific situation and then we will verify the same for the desorption

step.
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So, therefore, in this particular way we proceed with the design and we fix up the
contactor dimensions, we find out the total amount of adsorbent that we have to use and
we also find out the total amount of volume of the fluid which has been treated, etc.
Now, as you know that since this is an unsteady state process the adsorber operates in
cycles. For one part of the cycle adsorption goes on, as long as adsorption goes on, say

we call it the t adsorption the duration for which adsorption goes on.

After sometime we find that the breakthrough concentration is reached, once the
breakthrough concentration is reached we cannot use this adsorber anymore. Assuming
that more or less at the breakthrough concentration more or less the amount of adsorbent
used is roughly about 85 to 90 percent. So, therefore, after that we send it for the
desorption stage, while it gets desorbed there is another column where adsorption takes
place. So, therefore, we find that the entire cycle it comprises of the time for adsorption,

the time for desorption and also some particular time to allow for the changeover.

Generally, we try to reduce the time of desorption as less as possible, but to start with we
can assume that this time we can assume it to be negligible or in other words we can
assume that this entire time is equal to the time for which the bed was operated for
adsorption. So, to start with we assume t cycle equals to t adsorption, where this t

adsorption is equals to t breakthrough point.

And also there are some particular typical cycle times say for example, for dryer it is
between 8 to 24 hours, etc. and at the end of the design as | have said for practical
considerations, it can happen that finally, the empty bed contact time that we have
selected for the plant that is not equal to the empty bed contact time which was obtained
for the pilot plant. In that case, the cycle time for the adsorber can be obtained from this

_ _ EBCT
particular equation (tcyde):ﬁx(tcyme)pm '

pilot
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Typical parameter values
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In case of pressare drop hmntaton. U, can be lowered up 10 012 m's

In practace, EBCT for higuds depends on contarmisant and is ssually 2 0o 20 ma
M 6 mumates per colamn typecally for treatment of contammated groundwater wsing granuiar activated carbon.
For drymg of some Bquads EBCT< | mumte
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And we would also like to check up at the end - the empty bed contact time and also the
loading rate, the superficial velocities; these particular values normally for industrial

adsorbers have been observed to lie within certain ranges.

So, therefore, when we start the design we need to check, whether for the pilot plant LR,
U s and EBCT they more or less conform to these limits or not. Finally, when we arrive
at the final design we also again need to check whether these particular limits they have

been respected or not.

So, just for the convenience of the designer | have simply noted down the typical
parameter values for LR, for the superficial velocity. Definitely there is something |
would like to mention that the superficial velocity varies between 0.25 to 0.6 meters per
second. Quite naturally what we feel, that if we go for a higher superficial velocity then
the adsorption can take place in a lower diameter, but this is often not desirable.

If I ask you why; you will say that this will lead to higher pressure drop, but this is not
the actual reason for this. When we go for a higher velocity the contact time, the
residence time of the liquid inside the adsorber decreases as a result of which adsorption
IS not so very effective. So, therefore, to increase the residence time also, it is not always

necessary that we would opt for a higher velocity.



The empty bed contact time definitely depends on the contaminants and it is definitely
higher for liquid adsorption as compared to gas phase adsorption. Some typical EBCT
for air dryers, liquid treatment the purposes for which these are mostly used they have
been mentioned in this particular table. So, you need to check up all these things finally.
When we have completed the design then also we need to just see that they lie within the

permissible limits.
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So, with this we have come to the end of the discussions on the design part, we have
discussed how the design proceeds, then we have also discussed after the design what are
the checks that we need to do particularly with respect to the parameter values, there are
certain additional considerations which we need to keep in mind. For example, the first

important thing in the adsorption is a proper distribution of the feed into the bed.

So, naturally in order to minimize mal distribution or channeling, there are certain thumb
rules, generally these also have to be checked that the column diameter to the particle
diameter is greater than 20 to 30. Also it is important to check that the ratio of the bed
length to the adsorbent particle diameter that is also greater than 100 which will enable
mixing of the liquid at the wall and the rest of the bed. Definitely, both in the pilot plant

as well as in actual column there has to be more than one MTZ for all isotherms.



(Refer Slide Time: 35:54)

Pressure Drop

Important Design Parameter 2s processing rate can be fmmatod by pressare deop
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amunad between {lind and adsochent.

So, once we have done the design more or less then we go for the pressure drop part. The
pressure drop is something very important which you need to remember. Why? Because
if ressure drop is excessive then it leads to bed compaction or lifting, if the pressure drop

is very less then there will be uneven distribution and channeling.

So, what we do in the next class, we discuss the estimation of pressure drop, after that we
will be taking up two illustration problems, one on gas adsorption and one on liquid
adsorption, we will be discussing just the outlines of the design. So, it will give you an
idea regarding the actual design of adsorbers and that is going to end up our discussion

on adsorbers. So, this much for today.

Thank you very much.



