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The depth of sorbath penetration in periodic adsorption processes
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The depth of sorbate penetration into the adsorbent grains is a new dimensional criterion for estimating efficiency of
using the adsorbent in periodic adsorption and desorption processes. A concrete example shows the possibility of using
this criterion in preliminary calculations of oxygen production plants working by the pressure swing adsorption
method.
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1. Introduction

In the technical sciences, intuitive, dimensional
criteria characterizing a particular physical process are
widely used. Examples of such criteria are: the thickness of
the boundary layer; velocity of sound; critical temperature;
the mean free path of molecules, and so on.

In this paper, a new dimensional criterion is proposed
— the depth of sorbate penetration into the adsorbent grain,
which may be useful in preliminary calculations of the
pressure swing adsorption plants.

This criterion is a direct analogue of the parameter
widely used in electrical engineering — the depth of
altering current penetration into a conductor or the skin
depth.

Application of the proposed criterion is most
advisable in the analysis of rapidly flowing, variables in the
direction adsorption processes.

For the theoretical analysis of rapidly occurring
sorption processes in the technical literature, use a Kinetic
CO(lefficient of adsorption having the dimension
[c7].

The equation of adsorption Kinetics with kinetic
coefficient of adsorption has the form:

4 _p(c,-c) M
dr
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where, a is the adsorption; t is the time of adsorption; 3 is
the kinetic  coefficient of adsorption; Cy is the
concentration of component in the entrance of adsorbent
layer; C’is the concentration of the component in
equilibrium with adsorbent.

This kinetic coefficient of adsorption is not very
suitable for practical applications, since the actual time
dependence of sorbate uptake by the grain of the adsorbent,
as a whole, is not linear, and its linearization is possible
only at the very beginning or at the very end of the
adsorption process. Consequently, in the most important,
from the practical point of view, modes of adsorption, the
kinetic coefficient is not actually determined.

The proposed criterion is free from this drawback and
can be uniquely determined for each batch of adsorbent.

2. Material And Methods

We consider the one-dimensional problem of
diffusion and absorption of sorbate in a semi-infinite layer
of the adsorbent. For the convenience to solve the problem,
we place the origin of coordinates on the boundary of the
adsorption layer, as shown in Figure 1.

If we assume that adsorption is described by the
Henry isotherm, then such a problem reduces to solving a
one-dimensional molecular diffusion equation.

This equation can be written in the form:
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Figure 1. Sorbate adsorption in the
adsorbent layer.
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where, C is the current molar concentration of the
component in the gas that is in the pores of the adsorbent,
[kmol/kmol];

D, is the equivalent value of the sorbate diffusion
coefficient in the adsorbent layer, taking into account the
diffusion features in the porous body — the relative pore
volume, the variable pore cross section, the presence of
dead-end pores, etc., [m%/s];

T isatime, [s];

Ky is the dimensionless form of the Henry constant
for the gas absorbed by the adsorbent.

The physical meaning of the dimensionless Henry
constant is that it shows how many times the volume of
absorbed gas is greater than the bulk volume of the
adsorbent itself. Sometimes this value, by analogy with the
absorption coefficient, is called the adsorption coefficient.

If we know the value of Henry's constant Kg
[kmol/(m?-Pa)], then at a given pressure it is easy to find
the value of gas adsorption in a [kmol/m®]. Multiplying the
obtained adsorption value by the molar volume of the gas
absorbed at a given pressure, we obtain the value of the
dimensionless Henry constant:

Ky, = (K, - P)% = K,RT" &)

here, R is the universal gas constant, [J/(kmol-K)]; T
is the temperature, [K]; P is the pressure, [Pa].

As can be seen from the last formula, the
dimensionless Henry constant does not depend on the
pressure of the adsorbed gas and is uniquely determined by
the Henry constant.

We assume that 1 kmol of pure sorbate is
instantaneously supplied to the boundary of the adsorbent
layer. The solution of this problem of adsorption can be
represented in the form of a one-dimensional source
function [1], which in the adopted notation has the form:

A e

It is easy to verify that the total amount of sorbate in
the adsorbent bed remains constant, and over time only its
distribution inside the adsorbent bed changes. Indeed, the
total amount of sorbate inside the adsorbent layer is:

\/;Texp(— uzzjdu =1 ®)
T

where, |, _ Ky X" _ X,

o= De -7, (6)
KH

having the dimension of length, is the depth of the
sorbate penetration into the adsorbent grain.

The physical meaning of this value is fairly
obvious, and can be easily derived from equation (4). At a
distance from the surface of the adsorbent,

V2.0

the sorbate concentration in €=2.718 times lower than
the sorbate concentration on the surface of the adsorbent
grains.

The convenience of the proposed parameter for
estimating the course of adsorption processes is explained
by the fact that practically all adsorption processes that are
used in technique are periodic. Therefore, the time of the
adsorption process, which is necessary to calculate the
depth of sorbate penetration, is always known — this is the
time of adsorber operation in the adsorption regime, or the
time of regeneration of the adsorbent.

For effective operation of the adsorption apparatus,
the depth of the sorbate penetration into the grain of the
adsorbent must be greater than the size of the grains
themselves. If the depth of sorbate penetration into the
adsorbent is less than the characteristic size of the adsorbent
grains, the adsorption capacity of the adsorbent will not be
fully utilized, and the adsorption apparatus with such
adsorbent will not work efficiently.

It is very important that the amount of sorbate
absorbed in the adsorbent layer, of thickness X, is described
by the error function:

Ve 2
__2 Y gu (")
Q) == 'O[exo( > ]du

This makes it possible not to calculate the values of
this integral, but to use already available tables of its
values, which are usually given in the manuals on
mathematical statistics.

Therefore, without making calculations, it can be
argued that 68.3% of the sorbate absorbed in the adsorbent
layer with depth of 6. In a depth of 26 will absorbed 95.4%
of the sorbate, and in the layer of depth 36 — 99.7% of the
sorbate will be absorbed, that is, practically entire sorbate
absorbed by the adsorbent.

If the sorbate is fed not in one portion but in several, it
is obvious that later portions of the sorbate will penetrate to
a lesser depth. In this case, it can be argued that more than
68.3% of the sorbate absorbed by the adsorbent will be
absorbed in the adsorbent layer with a depth c.

If the surface of the adsorbent grains is not flat, but
convex, the proportion of the adsorbent, absorbed near the
surface of the grains, will become even greater.

Therefore, it can be argued that for an arbitrary
character of the change in sorbate concentration, on the
surface of the adsorbent grains having a spherical or
cylindrical shape, more than 70% of the sorbate, absorbed

We call a value,
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by the adsorbent, will be absorbed in the surface layer with
a depth o. In a layer of depth 26, more than 95% of the
sorbate will be absorbed, that is, practically the entire
sorbate that is absorbed by this adsorbent.

Let us demonstrate the application of the proposed
criterion for the analysis of processes in a pressure swing
adsorption unit designed to produce oxygen.

To absorb nitrogen in such installations, synthetic
zeolites are usually used. The isotherm of nitrogen
adsorption by zeolites at pressures below 10 bars is
practically linear, so we can use the data available in the
literature to determine the Henry constant. The typical
value of the Henry constant under nitrogen absorption by a
CaA zeolite is K=2.0-107 nsm®/(g-mmHg) [2], or in units
more convenient for us — Ky=4.7-10"° kmol/(m*Pa). Hence,
we find the value of the dimensionless Henry constant
Ky=11.7.

The diffusion coefficient of nitrogen in air can be
determined from the approximate empirical formula [3]:

~ 0,437 T % C, 1-C,

= —+
ORENae
Pl| 2> +
C, 1-C,
(8)

where T is the temperature, [K]; P is the pressure of
the mixture, [Pa]; C, is the molar concentration of nitrogen;
V4, and Vy are the molar volumes of the components of the
mixture, [m*kmol]; p, and py are the molecular masses of
the mixture components.

The equivalent value of the diffusion coefficient in
porous bodies taking into account the relative pore volume,
the variable pore cross section, the presence of dead-end
pores, etc., is found by the formula [4]:

D, - D-¢ ’ 9)
4

where D is the diffusion coefficient of the absorbed gas in
the gas mixture being separated, [m?/s];

¢ is the porosity or relative volume of the volume
occupied by the pores; for most porous bodies permeable to
gases, the porosity value is close to 0.3;

& is the diffusion resistance coefficient, taking into
account the variable pore cross section, the presence of
dead-end pores, and the like. The value of this coefficient is
usually determined experimentally, and is in the interval
from 4 to 9 [4].

In order to determine the equivalent value of the
diffusion coefficient, we use the experimental value of the
equivalent diffusion coefficient of nitrogen in the pores of
the zeolite at atmospheric pressure, which is reviewed in
[2]. This value of the equivalent diffusion coefficient turned
out to be 2.4-10°° m%s. The value of the diffusion resistance
coefficient, adjusted from this value of the equivalent
diffusion coefficient, was 7.7. Using this value of the
diffusion resistance coefficient and equations (6) and (8),
we find the dependence of the depth of penetration of the
sorbate on the pressure and time of the process.

Figure 2 shows the calculated values of the
penetration depth of nitrogen into the synthetic zeolite,
depending on the pressure and time of the process. The
above graph can be used for preliminary calculations of
pressure swing adsorption plants designed to extract oxygen
from air.
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To obtain a relatively high concentration of oxygen —
more than 90%, it is necessary to ensure, as far as possible,
a more complete regeneration of the adsorbent. This is
possible only if the depth of penetration of nitrogen into the
zeolite is greater than two radii of the zeolite grains. Under
this condition, an almost complete regeneration of the
adsorbent inside the zeolite grains will be ensured, more
precisely, more than 95% of the nitrogen absorbed in the
zeolite will be removed from this zeolite during the
regeneration process.

Thus, the effective operation of the pressure swing
adsorption unit to produce oxygen is possible only when the
characteristic grain size of the adsorbent is much smaller
than the penetration depth of the absorbed component —
nitrogen. The graph shown in Fig. 2 allows, knowing the
grain size of the adsorbent used, to determine the period of
operation of the adsorbers, and, conversely, by the adsorber
operating time, determine the maximum grain size of the
adsorbent suitable for this installation.

It can be seen from the graph shown in Fig. 2, that
with a constant period of operation time, the depth of
nitrogen penetration into the zeolite increases with
decreasing regeneration pressure. This suggests that
vacuum regeneration of the adsorbent is preferable to
regeneration at atmospheric pressure.

The results obtained are in good agreement with the
data published in the technical literature. The experience of
operating the pressure swing adsorption plants, summarized
in the review [2], suggests that a relatively high oxygen
concentration, more than 90%, is easily achieved in
installations using microspherical adsorbent granules with a
diameter is less than 1 mm. The same concentration of
production oxygen is difficult to achieve using the zeolite
having granules of 2-3 mm in size, and it is practically not
achievable when use the zeolites with a granules size of
more than 3 mm.
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Figure 2. Dependence of the depth of nitrogen
penetration into the grain of CaA adsorbent (in
mm) for different process times and different
values of the absolute pressure of the adsorbent
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It would be a mistake to consider that the smaller the
size of the adsorbent grains, the more efficiently the
pressure swing adsorption system works. If the process of
regeneration of the adsorbent precedes the better, the
smaller size of adsorbent grains, then the impurity
absorption process passes well on the adsorbent with larger
grains. Indeed, for a given adsorption time, the
concentration of the absorbed component on the surface of
the larger grains will always be smaller, since a large
fraction of absorbed substance takes up the inside of the
grains. A lower concentration of the absorbed component
on the grain surface means that it is easier to obtain a higher
concentration of the product gas at the outlet of the
adsorber by means of an adsorbent with coarse grains.

Therefore, for the given grain size of the adsorbent,
there are an optimal period of absorption and the optimal
adsorbent regeneration time.

It follows from the above analysis that the high purity
of oxygen obtained by the pressure swing adsorption
method is easier to obtain in a plant with three or more
adsorbers, since only in such installations it is possible to
organize the operation so that the regeneration time of the
adsorbent is substantially greater than the nitrogen
absorption time.

The experience of operating the pressure swing
adsorption plants for obtaining oxygen confirms the drawn
conclusions. It is in units with three or four adsorbers and
vacuum regeneration that it is possible to achieve the
greatest efficiency of the process of releasing oxygen from
the air.

3. Conclusion

A new dimensional criterion for estimating periodic
processes of gas adsorption and desorption is proposed —
the depth of sorbate penetration into the adsorbent.

It is shown that it can be used for preliminary
calculations of oxygen production plants using the pressure
swing adsorption method.
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