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Abstract. A simulation study was conducted on layered-bed pressure-swing adsorption, PSA, processes with
adsorbents that differ in their adsorption properties. As an example, an oxygen, O,, vacuum-swing adsorption,
VSA, process was analyzed to investigate relationships between process performance and adsorption properties of
the adsorbents used. For two adsorbents with identical nitrogen-to-oxygen, N»/O,, selectivity but different N, and
O, capacities, placing the high-capacity adsorbent at the product end and the low-capacity adsorbent at the feed end
of the adsorption bed gives a better performance than the case of reversing layering of these adsorbents. However,
for two adsorbents with different values of N,/O, selectivity but identical N, capacity, changing the bed-layer
configuration does not show a significant difference in O,-VSA performance. The advantages of layering a high-
capacity adsorbent on product end of the bed are demonstrated by an examination of the N,-loading difference in a
VSA cycle. The modeling study also reveals an effect of cycle features (e.g., equalization step) on the effectiveness
of using layered-bed configurations in VSA/PSA processes. It suggests that layering appropriately two adsorbents
with different adsorption properties could result in better VSA/PSA-process performance than using a single-layer
bed with either of the two adsorbents.

Keywords: VSA/PSA processes, performance simulation, layered beds, positioning of adsorbents, variation in
capacity and selectivity

1. Introduction adsorbents depends on the specific adsorption prop-

erties of the latter ones (in both equilibrium and kinetic

Layered-bed configurations in VSA/PSA processes
with adsorbents that have different adsorption prop-
erties could maximize the utilization of the adsor-
bents’ inherent performance potential and reduce prod-
uct costs. The optimum bed-layer configuration of

*To whom correspondence should be addressed.

behavior), but also on feed-mixture composition, and
product-purity requirements.

If more than one component needs to be removed
from a feed-gas mixture, more than one adsorbent can
be layered in a given adsorber bed based on their
specific adsorption properties towards the feed com-
ponents, cf., separation of H,-CO-CO,-H,O mixtures
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by adsorption using activated carbons and/or zeolite
materials (Park et al., 1998, 2000). Even in processes
such as O,-VSA or PSA, in which only one compo-
nent, viz., Ny, is adsorbed selectively, layering NaX
and LiX zeolite adsorbents could result in a decrease
of overall product cost (Toussaint, 1993; Watson et al.,
1996).

A simple model to investigate the usage of layered
beds in cycling-zone adsorption processes was devel-
oped by Fray (1982-1983). Later, Pigorini and LeVan
(1997) studied the effects of adsorption-isotherm shape
and adsorbent capacity on the performance of an
isothermal pressure-swing adsorber, in which the bed
comprised two layers of different adsorbents. These au-
thors utilized an adsorption-equilibrium approach and
considered a feed that consists of a single adsorbing
species in inert gas.

Despite a few papers and patents on layered-bed
PSA processes, a clear understanding is still missing
of how process performance is affected by particular
adsorption properties of adsorbents involved, and how
the performance is related to process-operation param-
eters such as those of equalization and purge steps.
The objective of this study is to investigate the ef-
fects of adsorbent properties, bed configuration, and
PSA-cycle features on the performance of layered-
bed PSA processes. The PSA model used is a non-
isothermal one with both adsorption equilibrium and
kinetics being considered. A PSA process with differ-
ent bed-layer configurations is analyzed in terms of bed
utilization using loading changes and a concentration
profile.

2. The PSA Model

A PSA process simulator, DAPS (Dynamic Adsorption
Process Simulator), described by Doong and Propsner
(1998), was adapted to study the layered-bed O,-PSA
process. This simulation program comprises a rigor-
ous mathematical model that embraces mass and en-
ergy balances, adsorption equilibrium, mass and heat
transfer, etc., which, in particular, enables a descrip-
tion of the transport phenomena in adsorption columns.
For the case of layered-bed configurations, the fun-
damental assumptions and equations made remain
unchanged.

The following assumptions were made for model
derivation: (i) the ideal-gas law applies to all the gases;
(ii) no axial-pressure gradient exists across the bed;
(iii) thermal equilibrium exists between the fluid and

solid phases; and (iv) there is no radial variation in both
concentration and temperature.

The current study employs a two-bed O,-VSA cycle
with equalization, purge, and backfill. The cycle steps
considered are as follows: (i) adsorption step: air is in-
troduced into the bed from the feed end of the bed, and
O, product is drawn from its product end; (ii) equaliza-
tion (—) step: feed supply is terminated, and the bed is
depressurized by transferring the O,-rich gas through
the product end to the second bed; (iii) venti step: the
bed is connected to a vacuum pump from the feed end,
and it is further depressurized; (iv) purge step: the bed
is regenerated by receiving a portion of the O, product
at the product end from the second bed, which is gener-
ated in step (i) while the feed end still being connected
to the vacuum system; (v) equalization (+4) step: the
bed is re-pressurized from the product end using the
depressurization gas from the other bed that undergoes
step (ii), at this conjuncture; (vi) backfill step: the bed
is pressurized with product from the product end; and
(vii) feed-pressurization step: the bed is pressurized by
feed gas.

For purposes of comparison, an O,-VSA cycle with-
out equalization and backfill steps was simulated as
well.

The mass balances for the gas species in a packed
bed read as follows:
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where ¢ is the interparticle void-volume fraction; C; is
the concentration of component i in the gas phase; u
is the superficial gas velocity; z is the bed distance; Dy,
is the axial-dispersion coefficient; and s; is the sorption
rate of component i per unit volume of the bed.

The energy balance in the bed is given as follows:
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where C, is the heat capacity of the gas; C is the over-
all gas concentration in the gas phase; pp is the bulk



density of the adsorbent; C is the heat capacity of the
adsorbent; g; is the adsorbed amount of component j
in the solid phase; A H; is the adsorption heat of com-
ponent j; h,, is the heat-transfer coefficient between
the packed bed and the wall; K is the axial thermal
conductivity; d; is the inside diameter of the bed; and
T, is the average wall temperature.

Another energy-balance equation can be written for
the wall of the bed:
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where A, is the cross-section area of the wall; p,, is the
density of the wall; C,,, is the heat capacity of the wall;
d, is the outside diameter of the bed; K, is the thermal
conductivity of the wall; 7, is ambient temperature;
and h,, is the heat-transfer coefficient between wall and
surroundings.

In this paper, a Glueckauf model of linear-driving
force, LDF, is used to describe the mass-transfer resis-
tance of adsorbent particles. The sorption rate is ex-
pressed as follows:
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where k represents the LDF-rate coefficient; and Q7 is
the equilibrium value of adsorbed amount at gas-phase
composition Y;.

In the above equations, particular values of voidages,
packing densities, and adsorption isotherms for differ-
ent layers can be either identical with or different from
each other.

A finite-difference method is employed to convert
the model equations into ordinary differential equa-
tions. Backward difference for the first-order deriva-
tive with respect to the bed distance was used to ensure
numerical stability. For O,-VSA systems, where gas
velocities tend to be very high, the dispersion term is
much smaller than the convection term. Therefore, cen-
tral difference was used for the second-order derivative
with respect to the bed distance without any numeri-
cal difficulty. A standard-time integrator, the Runge-
Kutta method, is then used to solve those equations.
Boundary and initial conditions can be written based
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on PSA-process steps. Although the gas-flow direc-
tion can alter in a PSA bed depending on step se-
quence, the condition at one end of the bed is always
known.

3. Simulation Results and Discussion

A layered-bed O,-VSA process was studied by sim-
ulating the VSA process with two adsorbent layers
that exhibit either different adsorption capacity or dif-
ferent selectivity. The volume ratio of the two ad-
sorbents was kept at 1:1. Adsorbent-vessel geometry
and operating conditions used in the simulation are
listed in Table 1. The adsorbent beds are of cylindrical
shape with 12-cm layers of alumina packed at the feed
end.

A dual-site Langmuir-isotherm model (DSLM) was
used to express the adsorption isotherm:
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where n; is the amount adsorbed for single component
i atits partial equilibrium pressure, p;; n; y and n; 1 are
the “monolayer”-adsorption capacities of sites I and
IT; and b; 1 and b; y1 are the Langmuir-equilibrium con-
stants for adsorption on sites I and II, respectively, the
dependences on temperature of which can be expressed
as follows:

bix = by exp(fg;) (©)
and
qiu

Table 1. Vessel geometry and operation
conditions for the simulation study.

Ambient temperature 25°C
Feed temperature 25°C
High pressure 19.55 psia
Vacuum level 6.29 psia
Cycle time 29 sec
Bed ID 59.69 cm
Bed height 90 cm
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Table 2. DSLM parameters (values are normalized against those of Adsorbent-1).

Adsorbent 1 Adsorbent 2 Adsorbent 3 Adsorbent 4
Parameters N, 0, N, (02 Np 0O, N, (0}
ni 1 1 1.5 1.5 1 1 1.25 1.25
ni 1 1 1.5 1.5 1 1 1.25 1.25
bl‘{ I 1 1 1 1 1 0.75 1 1
bl‘,’, I 1 1 1 1 1 0.75 1 1

qi,11 1 1 1

with g; 1 and g; ;; representing adsorption heats of com-
ponent i on sites I and II, respectively.

The values of model parameters for three different
adsorbents, normalized against those of Adsorbent-1,
are given in Table 2. The adsorption-monolayer capaci-
ties of Adsorbent-2 and Adsorbent-4 are assumed to be
higher than those for Adsorbent-1, by 50% and 25%,

respectively. For Adsorbent-3, the Langmuir-
equilibrium constants for O, adsorption on sites I and
IT are by 25% smaller than those for Adsorbent-1.
All parameters for argon, Ar, are considered to be the
same as those for O,.

Adsorption capacity and selectivity are the two crit-
ical adsorbent properties that determine PSA-process
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Figure 1.

Performance of layered-bed oxygen VSA using two adsorbents that have different capacities, as functions of specific purge.



performance based on adsorption-equilibrium separa-
tion. To distinguish their impacts on a layered-bed PSA
process, the simulation study conducted was based on
two pairs of model adsorbents that are different in ei-
ther adsorption capacity or selectivity. The selectivity
is defined as the ratio of the adsorption capacity for N,
to that for O,.

3.1. Effect of Adsorption Capacity

A layered-bed O,-VSA process was simulated with
Adsorbent-1 and Adsorbent-2 that have identical val-
ues of N,/O, selectivity but different values of ad-
sorption capacity. The performances of layered-bed
0,-VSA at 90% O,-product purity with Adsorbent-1
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and Adsorbent-2 are given in Fig. 1 for two bed-
layering configurations: Adsorbent-1 packed near the
product end (i.e., Adsorbent-1 on top of Adsorbent-2)
and Adsorbent-2 packed near the product end (i.e.,
Adsorbent-2 on top of Adsorbent-1). The perfor-
mances were evaluated at different specific purge-flow
rates, while the results were expressed by plotting
yields against specific product. Both yield and specific
product were normalized by dividing their actual values
by the corresponding yield and specific-product values
obtained at specific purge with 20 L/L/hr.

As Fig. 1 shows, placing the high-capacity adsor-
bent, Adsorbent-2, near the product end gives better
a performance than layering the adsorbents in the op-
posite manner. If one compares performances of the
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Figure 2. Concentration profiles at the end of steps for layered-bed oxygen VSA with adsorbents that have different capacities.
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two bed-layer configurations at maximum-yield val-
ues, layering the high-capacity adsorbent at the product
end would give 4% higher yield and 7% higher specific
product.

To understand these results, one needs to examine the
variations in concentration of the gas and adsorption
phases throughout the entire cycle. Figure 2 shows the
N,-concentration profile inside the adsorbent bed in all
of the seven steps of the O,-VSA cycle. The N, concen-
tration (expressed as mmol N,/g adsorbent) is plotted
against the dimensionless position from the bed inlet
(position = 0) to its outlet (position = 1). Figure 3 gives
the temperature profile inside the adsorbent bed. Gen-
erally speaking, bed temperature increases from the
feed end to the discharge end. Composite-adsorbent

325

beds that contain different adsorbent materials posi-
tioned in separate zones were reported by Notaro et al.
(1998) such that the temperature conditions favor ad-
sorption performance of the particular adsorbent mate-
rial in each zone.

Although heat transfer and bed-temperature distribu-
tions are not the focus of this study, it ought still to be
noticed that, as obvious from Fig. 3, the two layering
configurations exhibit different bed-temperature pro-
files. Temperature profile is a combined result of ad-
sorption/desorption heats and upward/downward flows
of gas streams inside the adsorption bed. In the ad-
sorption step, for example, the upward gas flow carries
the heat generated by adsorption of N; on the adsor-
bent, which causes a temperature increase in the upper
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Figure 3. Bed-temperature profiles at the end of steps for layered-bed oxygen VSA with adsorbents that have different capacities.



portion of the adsorption bed. In the venting step, how-
ever, the heat consumed by desorption of N, reduces the
local bed temperature as the desorption stream moves
toward the feed end of the adsorbent bed, which causes
a temperature drop in the lower portion of the adsorp-
tion bed. Thus, as shown in Fig. 3, the temperature
increases from the feed end (bottom) to the product
end (top) of the adsorbent bed. When the low-capacity
adsorbent (Adsorbent 1) is packed on the high-capacity
adsorbent (Adsorbent 2), more heat is generated in the
lower portion of the bed near the feed end during ad-
sorption step, and the upward gas-stream flow gives rise
to a larger temperature increase in the upper bed. Dur-
ing the desorption step, the heat taken by (endothermic)
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desorption in the upper bed (packed with low-capacity
adsorbent) is not sufficient to offset the heat generated
and carried up into the region and, thus, the tempera-
ture of the upper portion of the bed remains higher than
ambient temperature. At the lower portion of the bed,
where high-capacity adsorbent is packed, a larger tem-
perature drop is observed due to the (endothermic) des-
orption. When the high-capacity adsorbent is packed on
the top, more heat generated during the adsorption step
will be carried out of the bed from the product end,
as compared to packing the high-capacity adsorbent at
the bottom, and less temperature drop is observed in
the lower portion of the bed, where the low-capacity
adsorbent is placed.

0.5 0.6 0.7 o8 0.9 10

Location from inlet

Figure 4. Loading difference between the end of feeding step and the end of regeneration step in layered-bed oxygen VSA with adsorbents

that have different capacities.
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Although the temperature profile within the bed is
more stretched if the high-capacity adsorbent is packed
near the feed end as shown in Fig. 3, as discussed below,
the improvement in performance stems from a better
adsorbent utilization. In the first three steps, i.e., pres-
surization, production, and equalization (—), the flow
direction inside the beds is upward and, as shown in
Fig. 2, the N;-loading profile moves toward the prod-
uctend. On the other hand, the gas stream inside the bed
flows downward in the other four steps, i.e., venting,
purge, equalization (4), and backfill. Therefore, the
N;,-loading difference between the end of equalization
(—) step, which is the end of upward flow, and the end
of backfill step, which is the end of downward flow, is
used as measure of bed usage in one VSA cycle.

The loading differences between the ends of equal-
ization (—) and backfill steps for N, Ar and O, with
a single-layer bed packed with Adsorbent-4 are plot-
ted in Fig. 4 as functions of the dimensionless axial
position inside the adsorption bed.

Adsorbent-4 with an adsorption capacity that equals
to an average of the capacities of Adsorbent-1 and
Adsorbent-2, was chosen to represent a single-layer bed
with an 1:1 mixture of Adsorbent-1 and Adsorbent-2.
The N;-loading difference increases from the feed end
to the product end of the bed. The profile of the N,-
loading change reveals that the region near the outlet at
the product end of the bed has the highest loading dif-
ference, which suggests that, as to separation efficiency,
the product-end region is more important than the feed-
end region of the bed. Placing the high-capacity ad-
sorbent at the product end makes best possible use of
adsorbents chosen for layering, and it is, therefore, ben-
eficial to pack the high-capacity adsorbent in the region
near the product end.

3.2.  Effect of Selectivity

To investigate the selectivity effect on layered-bed
0,-VSA performance, Adsorbent-1 and Adsorbent-3
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Figure 5. Performances of layered-bed oxygen VSA using two adsorbents that have different N»/O, selectivities as functions of specific purge.



were used for an assessment of two bed-layer configu-
rations: Adsorbent-1 packed near the product end (i.e.,
Adsorbent-1 on top of Adsorbent-3) and Adsorbent-
3 packed near the product end (i.e., Adsorbent-3
on top of Adsorbent-1). Again, process performance
was evaluated at 90% O,-product purity for differ-
ent specific purge-flow rates, while the simulation
results were expressed by plotting the values for
yield and specific product against those of specific
purge.

As shown in Fig. 5, unlike the layered-bed config-
uration with two adsorbents of differing adsorption-
capacity values, placing the low-selectivity adsorbent,
Adsorbent-1, at the product end results into an only
slightly improved performance compared with that of
placing the high-selectivity adsorbent, Adsorbent-3, at
the product end of the adsorption beds. Thus, layering
configuration is not critical for adsorbents with differ-
ent adsorption selectivities.
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3.3.  Effect of Cycle Features

It is obvious that any change in cycle features
should affect the profile of Nj-loading difference.
For example, during the equalization step, the Nj-
adsorption front moves further toward the bed outlet,
which results into better a utilization of the adsor-
bent packed near the bed outlet. If no equalization
step is used in the cycle, the loading-difference pro-
file for N, should be more flat compared to that
for a cycle with equalization. Figure 6 shows the
loading-difference profile for N, without equalization
and backfill steps for a single-layer bed that com-
prises Adsorbent-4, and also for two layered-bed con-
figurations, Adsorbent-1 on Adsorbent-2, and vice
versa.

The profile for the single-layer bed is an almost flat
line except in the outlet region, where a dip in the load-
ing difference occurs. As one would expect, the two
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Figure 6. Loading difference between the end of feeding step and the end of regeneration step in layered-bed oxygen VSA with adsorbents

that have different capacities (no purge and backfill cycles).
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Figure 7. Performances of layered-bed oxygen VSA using two adsorbents that have different capacities as functions of specific purge (no

purge and backfill cycles).

packing configurations exhibit essentially the same per-
formance, cf., Fig. 7.

4. Conclusions

In the adsorbent columns of a PSA unit, the concentra-
tion of components to be separated changes dramati-
cally from the feed end to the discharge end. Therefore,
adsorbents with different adsorption characteristics
should be arranged appropriately to optimize the over-
all bed performance. To utilize effectively adsorbents
with different adsorption properties, one should layer
the high-capacity adsorbent at the discharge end and
the high-selectivity adsorbent at the feed end of the
adsorption beds. If one adsorbent has lower values
for both capacity and selectivity compared to these
parameters of the other adsorbent, layering these ad-
sorbents might be economically feasible if only there
is a sufficiently high cost difference between the two
adsorbents. As far as performance is concerned, one
should always and only use the adsorbent with both
higher capacity and selectivity. However, it could be
the case that one of the adsorbents has higher capacity,
and the other has higher selectivity. Then, layering the

high-capacity adsorbent at the product end and the
high-selectivity adsorbent at the feed end of the bed
could result in better performance compared to that
achieved by using single-layer beds with either of the
two adsorbents. It is important to select and arrange ad-
sorbents in PSA processes based on adsorbent-material
characteristics and process conditions so that the adsor-
bents are utilized optimally, and/or the overall-process
cost is minimized.
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