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PRESSURE SWING ADSORPTION PROCESS

EIELD OF THE INVENTION

This invention relates to a method of separating gases, and more
particularly to the separation of one or more gaseous components of a gas

mixture by pressure swing adsorption.

BACKGROUND OF THE INVENTION

The process of separating the components of a gas mixture by pressure
swing adsorption (PSA) comprises, in general, a series of steps including the basic
steps of adsorption and bed regeneration. The PSA process is generally carried
out in an elongated vessel having an inlet and an outlet at opposite ends of the
vessel, and containing a layer of adsorbent which adsorbs one or more of the
domponents of the gas mixture more strongly than it adsorbs one or more other
compon'ents of the mixture. During the adsorption step the gas mixture is
introduced into the vessel through the vessel inlet and is passed through the
vessel at elevated pressure, whereupon a fraction of the gas mixthre enriched in

the more strongly adsorbed component(s) is adsorbed by the adsorbent, while

another fraction, enriched in the less strongly adsorbed component(s), passes

through the vessel and is discharged from the vessel through the outlet as
nonadsorbed product gas. As the adsorption step proceeds, .ad.sorption-fronts
delineating the forward end of each component of the adsorbed fraction form and
advance toward the_butlet end of the vessel. The adsorption step is terminated

before the most advanced adsorption front reaches the outlet end to prevent
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adulteration of the nonadsorbed product gas with more strongly adsorbed
component(s}. Subsequently, the adsorbent in the vessel is regenerated by
permitting the vessel to depressurize by releasing gas from the vessel, generally
through its inlet. The desorbed gas fraction may be recovered or disposed of, as
desired. The adsorption and desorption steps are desirably repeatedly performed

in cyclical fashion so that the process is substantially continuous.

A number of improvements have been made to enhance the performance

of the above-described two-step process, which, by itself, is highly inefficient and

‘results in the production of low volume, low purity product. Thus, the process

is generally carried out commercially in a battery of adsorption vessels arranged
in parallel and operated out of phase with one another to approximate a
continuous prbcess. In a particularly useful embodiment of a multiple bed system,
a pair of adsorption vessels are arranged in parallel and operated 180 degrees out
of phase with one another, such that one vessel is in adsorption service while the
adsorbent in another is undergoing regeneration. The pressure in the vessel
during the adsorption step (adsorption pressure) is usually atmospheric or above,
for example, in the range of about 1 to about 20 bar, absolute, while that in the
vessel undergoing bed regeneration is reduced to a value somewhat below the

adsorption pressure.

An in'iprovement which markedly improves the efficiency of a two bed
system is the transfer of void space gas, i.e. the gas contained in the interstices
between the particles of adsorbent, from the vessel which has just completed the
adsorption step td the vessel which has just completed the bea regeneration step.
This step is usually referred to herein as "equalization”, since the pressure in the
bed being depressurized and that in the vessel being repressurized tend to
approach-a common value. In practice however, the equalization step is not
carried out to actual pressure equalizétion, since this could cause desorption of
the adsorbed component in the bed being depressurized and transfer of this

component to the vessel undergoing repressurization.
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Bed equalization between a pair of parallel-operated adsorption beds can be

carried out in a number of ways. In one procedure, fluid communication between

- the outlets of the two beds is established, and void space gas ﬂows from the

outlet end of one vessel to the outlet end of the other {outlet-to-outlet
equalization). In another procedure, the inlets of the two beds are connected,
permitting void space gas to flow from the inlet end of one vessel to the inlet end
of the other vessel (inlet-to-inlet equalization). _In' a third procedure, the outlet of
_the vessel undefgoing depressurization is connected to the inlet of the vessel
undergoing repressurization (outlet-to-inlet equalization). Combinations of these
procedures are also practi'g:ed. A highly efficient bed equalization procedure is
simultaneous outlet-to-outlet and inlet-to-inlet equalization. This procedure has
the advantag.es of rhinimal disturbance of the beds, rapid gas transfer and
ensuring that the highest purity void space gas in the first bed is transferred to the
outiet end of the second bed, which minimizes adulteration of the nonadsorbed
product gas from the seéond bed when it goes into adsorption service. These

procedures are discussed in more detail in U. S. Patent No. 4,925,461.

U. S. Patent No. 5, 436,536 discloses a PSA process for separating
nitrogen from oxygen that is carried out in two or more parallel-arranged

adsorption vessels and whose cycle includes a step in which a portion of the gas

being transferred from one vessel to another during bed equalization'is vented

from the system.

It is vefy difficult or impossible to attain perfect separation of the °
components of a gas mixture by PSA. However, because even small
enhancements of product yield and/or product purity can have a considerable’
impact on the overall efficiency of a PSA process, improvements which will
enhance the yield and purity of the product gases from PSA processes are
constantly sought. The present invention provides a novel cycle which enhances

the purity of the nonadsorbed gas stream produced by a PSA system.
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SUMMARY OF THE INVENTION
The process of the invention employs a novel pressure swing adsorption

cycle carried out in a battery of two or more adsorption beds arranged in parallel

and operated out of phase, such that one or more beds are in adsorption service

‘while one or more other beds are undergoing other stages of the cycle, such as

. bed regeneration.

According to a first preferred embodiment of the invention, the pressure
swing adsorption process is carried out in repeating half-cycles in a pair of parallel'-
arranged adsorption beds operated 180° out of phase, such that one bed is in
adsorption service while the second bed is undergoing regeneration. In the
broadest aspect of ihis embodiment, the first step of a half-cycle of the process
comprises passing the gas mixture to be separated (feed gas), at a selected
superatmospheric presshre, through a first bed of adsorbent which more strongly
adsorbs at least 'one'of the components of the mixture. The more strongly
adsorbed component(s]) is adsorbed while the less strongly adsorbed component(s)
passes through the bed and is discharged therefrom as nonadsorbed product gas.
Meanwhile, the second bed is undergoing bed regeneration by countercurrent
depressurization. Bed regeneration is carried out by countercurrently
depressurizing the bed to atmospheric pressure, or, if desired, to subatmospheric
pressure using a vacuum means. The bed undergoing regenleration is preferably
countercurrently purged with nonadsorbed product gas during the regeneration

step.

Upon completion of the first step, the flow of feed gas into the first bed is
terminated and a portion of the gas contained in the first bed is countercurrently

vented from the bed, and another portion is transferred from the first bed to the

-second bed through the outlet ends of the beds in a first bed equalization step,

which partially pressurizes the second.-bed. The countercurrent vent of the first

bed may precede the first bed equalization step; or it may begin simultaneously
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with, and end before completion of, the first equalization step, or it may continue
for the full extent of this equalization step. During the first equalization step no
gas is transferred from the first bed to the second bed through the bed inlets.

After the first equalization step is completed a second bed equalization step

is carried out during which void space g'as is transferred from the first bed to the

.second bed simultaneously through the bed outlets (top-to-top) and bed inlets

(bottom-to-bottom). During this second equalization step no gas is vented from
the first bed.

At the conclusion of bed equalization, the second bed is pressurized to the
selected superatmospheric pressure by flowing feed gas cocurrently into the bed,
if no further steps are included in the half cycle. The first half-cycle of the
process is complete when the second bed reaches adsorption operating pressure.
The second bed is nhow ready to begin the adsorption step, and the first bed is

ready for the bed regeneration step.

The second phase of the cycle is carried out by repeating the above steps
with the second bed taking the place of the first bed and the first bed taking the
place of the second bed in the described half-cycle. The cycle is repeated to

effect a substantially continuous process.

In a second preferred embodiment of the invention, the first half of the

process cycle is the same as the first half-cycle in the first preferred embodiment

except that the first equalization step comprises transferring void space gas out
of the first bed through the first vessel outlet and into the second bed
simultaneously through both the inlet and the outlet of the second vessel; and
the second half of the cycle is the ‘same as the second half-cycle in the first
prefgrred embodiment except that the first equalization step comprises
transferring void space gas out of the second bed through the second vessel
outlet and into the first bed simultaneously through both the inlet and the outlet
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of the first vessel. In this second embodiment of the process of the invention, the
countercurrent vent step may precede or start simultaneously with the first

equalization step.

In a variation of the above-described broad embodiments of the
invention, the bed being repressurized is further pressurized with nonadsorbed
pro‘duct.-gas following bed equalization, to bring its pressure closer to the selected
superatmospheric pressure at which the adsorption step is carried out. This may
be accomplished by flowing nonadsorbed product gas countercurrently into the

bed until the desired pressure is attained.

In the most preferred procedure of the above-described embodiment, bed
pressurization is acCorhplished by including in the half cycle a first equalization
step in which either the outlet ends of the two beds are connected, or the outlet
end of the first bed is connected to both the outlet end and the inlet end of the
second bed; a second equalization step in which the outlet ends of the two beds
are connected and the inlet ends of the two beds are connected; a product backfill
stép in which nonadsorbed gas is countercurrently flowed into the bed being
pressurized; and a feed gas pressurization step in which the pressure in the bed
being pressurized is brought up to the above-mentioned selected

superatmospheric pressure by flowing feed gas cocurrently into the bed.

The pres'sure during the adsorption step of the process of the invention is
superatmospheric, and is generally in the range of above about 1 bar, absolute,
to about 20 bar, absolute, and it is preferably in the range of about 4 to about 14
bar, absolute. The adsorption process is typically carried out at a temperat_ure in
the range of about -50 to about 100°C, and is usually carried out at a

temperature in the range of about O to about 50 °C.



10

15

20

25

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic illustration of a two-adsorber plant equipped for

practice of the preferred embodiments of the invention; and

Figs. 2a to 2h illustrate the steps of a first preferred embodiment of the

invention as carried out in a two-bed adsorption system.

Figs. 3a to 3hillustrate the steps of a second preferred embodiment of the

invention as carried out in a two-bed adsorption system.
-DETAILED DESCRIPTION OF THE INVENTION

~ The invention is a new and improved pressure swing adsorption cycle for
separating two or more components of a gas mixture. The process is carried out
in two or more adsorption vessels operated in parallel, and provides the advantage
over conventional adsorption- cycles of making it possible to produce a
nonadsorbed product gas of higher purity. The cycle is particularly well adapted
for practice in a two bed system operated 180 degrees out of phase. The cycle
includes a step in which one bed is in production, i.e. adsorption, while the
second bed is being regenerated; a countercurrent vent step; at least two bed-to-
bed pressure equalization steps; and a bed repressurization step. The novelcycle
of the invention includes a countercurrent vent step following the adsorption step,
which enables practitioners to produce higher purity nonadsorbed product gas
than can be obtained with conventional cycles, because a portion of the_ least pure

-gas contained in the adsorption vessel at the end of the adsorption cycle, i.e. gas

whose composition is not very different from that of the feed gas, is removed
from the adsorption system. | _

The countercurrent vent step is preferably carried out at a time when the
feed end of the adsorption vessel which has jusi completed its cycle contains the

most impure gas composition (with respect to the nonadsorbed product gas
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purity). In this iegérd, the vent step is carried out before the gas in the inlet end
of the adsorption vessel undergoes substantial change in composition or is
transferred to the second adsorption vessel. Thus, it can be carried out
immediately after completion of the adsorption step, i.e. before any bed
equalization step takes place, or it can be conducted in a manner such that it at
least partially overlaps the first bed equalization step of the half-cycle of the
invention. Additionally; the duration of the vent step may .be shorter, longer or
equal to the duration of the first bed equélization step. The results obtained from
each of the alternatives will vary since the bed pressure decreases as the vent
stép and the bed equalization step proceeds. In the preferred embodiment, the
vent step and the first bed equalization step start simultaneously and the vent

step is shorter than or equal to the first equalization step.

The process of the invention can be applied to the separation of any gas
mixture. It is particularly useful for the separation of nitrogen from oxygen ina
gas mixture such as air, using an adsorbent which more strongly adsorbs nitrogen
than oxygen, or using an adsorbent which more strongly adsorbs oxygen than
nitrogen. '

The adsorbent used in the process of the invention may be any adsorbent
which more strongly adsorbs the component that it is desired to adsorb than the
one or more other components of the gas mixture that it is desired to not adsorb.
Typical of the adsorbents useful in the invention include silica gel, activated
alumina, activated carbon, molecular sieves, such as carbon molecular sieve
(CMS), and natural and synthetic zeolites. Natural zeolites include mordenite,
faujasite, eribnite, clinoptilolite, chabazite, etc., and synthetic zeolites include type
A zeolites, such as zeolites 3A, 4A, BA, etc., tybe X zeolites such as zeolites
10X, 13X, etc., and tYpe Y zeolites. The particular adsorbent used in the process
of the invention will depend upon the components of the gas mixture that it is
desired to separate, and the selection of the adsorbent forms no part of the
invention. When it is desired to adsorb oxygen from an oxygen-nitrogen gas

mixture, such as air, it is.preferred to use CMS or zeolite 4A as the adsorbent,
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and when it is desired to adsorb nitrogen fro_m the same or a similar mixture, itis
preferred to use zeolites 5A, 10X or 13X as the adsorbent. To simplify the
discussion, the invention will be described in detail as it applies to the adsorption
of oxygen from air using CMS as the adsorbent. This adsorption is conducted
under kinetic adsorption conditions, and the effectiveness of the process depends
upon the difference in the rates of adsorption of the various components of the
gas being treated. Since oxygen is adsorbed much more rapidly than nitrogen by
CMS, the short duration of the adsorption step makes it possible to selectively

adsorb oxygen from an oxygen-hitrogen gas mixture.

The invention is further illustrated in the attached drawings. Various flow
lines have been int_:luded in the figures as an aid to the explanation of the several
aspects of the invention. Associated processing equipment, valves, gages, etc.
that are not directly related to the invention and which are not necessary for an
understanding.of the invention have been omitted from the figures for the sake
of simplicity. The same reference numerals have been used to represent the same

or similar parts in the various drawings.

Turning now to the embodiment illustrated in Fig. 1, there is illustrated
therein an adsorption system adapted to handle each of the above-discussed
embodiments of the invention. The major vessels illustrated in Fig. 1 are parallel

adsorption vessels A and B and nitrogen-enriched gas buffer vessel C. For

- purposes of this description vessels A and B are filled with CMS. The adsorption

system is provided with air feed line 2, which is connected to the inlet end of
adsorber A through line 4 and to the inlet end of adsorber B through' line 6. Gas
flow from line 2 to adsorbers A and B is controlled by valves 8 and 10,
respectively. On their nonadsorbed product gas outlet ends adsorption vessels
A and B are connected to nitrogen product line 12 through nonadsorbed product
gas discharge lines 14 and 16, respectively. Flow through lines 14 and 16 to line
12 is controlled by valves 18 and 20, respectively. Line 12, on its downstream
end, is joined to vessel C. Line 22 connects buffer vessel C to downstream



10

15

20

25

10

storage or an end application. - Outlet end equalization cross-connection line 24
connects lines 14 and 16. Flow through line 24 is controlled by valves 26 and
28. Backfill/purge cross-connection line 30 joins lines 14 and 16 to backfill/purge
line 32, which; in turn, is joined to the inlet end of vessel C. Valves 34 and 36
control flow through line 30 to vessels A and B, respectively. Inlet end
equalization cross-connection line 38 connects lines 4 and 6. Valves 40 and 42
control flow through line 38. Outlet-to-inlet equalization line 44 at its upper end
is connected to line 24 at a point between valves 26 and 2'8, and at its lower end
to line 38 at a point between valves 40 and 42.  Flow through line 44 is
controlled by valve 46. Vent cross-connection line 48 connects lines 4 and 6 to
vent line 50. Valves 52 and 54 control flow from line 4 to line 50 and from line
6 to line 50, respectively. Line 50 is connected to atmospherié vent line 56 and
the inlet to vacuum pump 60. Valve 58 controls flow through line 56. Line 62

discharges exhaust gas from vacuum pump 60 to the atmosphere.

Fig 2 illustrates the various steps in the first preferred embodiment
described above, i.e. the embodiment in which the bed equalization procedure
comprises a first equalization step in which vessels A and B are equalized outk_at-
to-outlet and a second equalization step in which the two vessels are equalized

inlet-to-inlet and outlet-to-outlet.

The first preferred embodiment will be described beginning with the first
step of the half cycle, in which the adsorption bed in vessel A is in adsorption
service and the bed in vessel B is undergoing regeneration. This step is illustrated
in Fig. 2A. Valves 8, 18, 36 (when a purge step is included in the cycle), and 54 -

-are open during the entire step, valve 58 is open for a first part of this step and

all other valves remain closed during the entire step. Air, compressed to the
desired adsorption pressure by means of a compressor (not shown) enters vessel
A through lines 2 and 4, As the air passes through véssel A, oxyéen is adsorbed
by the CMS and nitrogen passes through the bed. A nitrogen-enriched

nonadsorbed product stream exits vessel A thrqugh line 14 and passes through
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line 12 to buffer vessel C. During this period oxygen-rich gas that was adsorbed
by the bed of CMS in vessel B is desorbed from the CMS and evacuated
countercurrently through line 6. Vessel B is preferably first depressurized to about
atmospheric pressure by permitting it to vent to the atmosphere through line 56

and then further evacuated by clbsing valve 58 and activatiﬁg vacuum pump 60.

. The desorbed oxygen-rich gas stream is drawn through lines 6, 48 and 50 by

vacuum pump 60, and is discharged to the atmosphere thro.ugh line 62. During
the evacuation of vessel B, this vessel is preferably purged by 'passing low

pressure nitrogen-enriched gas there.through via lines 32, 30 and 16.

After vessel B is evacuated and the adsorption front in vessel A reaches the
desired point, the adsorption'step is terminated and the first vent and first
equaliéation steps, illustrated in Fig. 2B, are begun. This vent step is referred to
as the "first vent" since the described cycle includes a second atmospheric vent
step just prior to vacuum pump evacuation of the adsorption vessels. For this
step, valves 8, 18, 36, and 54 are closed and valves 26, 28, 52 and 58 are
opened. Gas contained near the nonadsorbed product gas outlet of vessel A is
transferred to vessel B through lines 14, 24 and 186, thereby partially pressurizing
vessel B; and gas contained in the inlet section of vessel A is vented to the
atmosphere through lines 4, 48, .50, and 56. As noted above the duration of the
vent step may be shorter or longer than, or equal to the duration of the first

equalization step.

Upon completion of the first equalization step, valves 52 and 58 are closed
and valves 40 and 42 are opened and the second equalization step is carried out.
During this step, illustrated in Fig 2C, additional gas contained in the nonadsorbed

product outlet end of vessel A is transferred to vessel B via lines 14, 24 and 16,

- and gas is transferred from the inlet end of vessel A to the inlet end of vessel B

via'lines 4, 38 and 6, thereby further pressurizing vessel B.
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When the desired quantity of gas is transferred from vessel A to vessel B,
valves 26, 28, 40 and 42 are closed and the nonadsorbed product backfill step
is started. This is effected by opening valve 36 and permitting nitrogen-enriched
gas to flow at product pressure into vessel B via lines 32, 30 and 16, th_ereby
further increasing the pressure in this vessel. At the same time, valves 52 and
58 are opened and vessel A is permitted to vent substantially to atmospheric
pressure through lines 4, 48, 50 and 56. This step, illustrated in Fig. 2D,

completes the first half cycle of the process.

The second half-cycle of the process includes all of the above steps, except
that vessel B undergoes adsorption and depressurization and vessel A is
regenerated and repressurized. In the first step of the second half-cycle,
illustrated in Fig. 2E, valves 10, 20, 34 and 52 are open during the entire step,
valve 58 is open for a first part of the step, and all other valves are closed during
the entire' step. Air at superatmospheric pressure flows into vessel B while
nitrogen-enriched product gas flows from vessel B to vessel C, and vessel A is

evacuated, preferably with purging, in the manner described above.-

Upon completion of the first step, the first vent/equalization step; illustrated
in Fig. 2F, takes place, during which valves 26, 28, 54 and 58 are open, and all
other valves are closed.. Void spaée gas from the top of vessel B flows to vessel
A through lines 16, 24 and 14, while void space gas is vented from the inlet end

of vessel B to the atmosphere through lines 6, 48, 50 and 56.

Next, the second equalization step of the second half-cycle, illustrated in
Fig. 2G, takes place. During this step; only valves 26, 28, 40 and 42 are open,
and equalization gas flows from the top of vessel B to the top of vessel A through

lines 16, 24 and 14; and from the bottom of vessel B to the bottom of vessel A

‘through lines 6, 38 and 4.
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When the desired quantity of equalization gas flows from vessel B to
vessel A, the second equalization step is terminated and the last step of the
second half-cycle is carried out, during which vessel A is further pressurized with
nitrogen-enriched gas at nonadsorbed product gas storage pressure and vessel B
is vented substantially to atmospheric pressure. This is effected by closing valves
26, 28, 40 and 42 and opening valves 34, 54 and 58. This step is illustrated in
Fig 2H.

‘The second preferred embodiment described above is illustrated in Figs. 3A
through 3H. In this émbodiment, the steps shown in Figs. 3A, 3C, 3D, 3E, 3G
and 3H are identical to the steps shown in Figs. 2A, 2C, 2D, 2E, 2G and 2H,
respectively. The only difference in the processes of the two embodiments
appears in the steps illustrated in Figs. 3B and 3F, i.e. the first equalization steps

of the cycle.

During the first equalization of the first half-cycle of this embodiment, void
space gas is transferred from the outlet end of vessel A to both the inlet end and
the outlet end of vesse! B. This is accomplished by opening valves 26, 28, 42
and 46. Meanwhile a pért of the void space gas in the lower part of vessel A is
permitted to vent to the atmosphere by opening valves 52 and 58 for the desired
period of time. All other valves remain closed during this step. During the first
equalization of the second half-cycle of this embodiment, void space gas is caused
to flow from the outlet end of vessel B to both the inlet end and the outlet end of
vessel A by opening vélves 26, 28, 40 and 46; and a part of the void space gas
in the lower part of vessel B is permitted to vent to the atmosphere by opening

valves 54 and 58, all other valves remaining closéd.

" As a variation of the second preferred embodiment, the first equalization
steps may be carried out in two stages, with valve 46 being closed during the
first stage and open during the second stage. During the second stage the valve

connecting the outlet of the vessel being depressurized to the outlet of the vessel
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being repressurized can, if desired, be closed. This'permits the most pure gas to
flow from the vessel being depressurized to the outlet end of the vessel being
repressurized. The advantage of this vériation is that the purest gas flows to the
top -of the vessel being repressurized, and then somewhat less pure flow gas
flows to the bottom of the receiving vessel. In any event, the second equalization
step, in which both-outlet-to-outlet and inlet-to-inlet equalization occurs, follows

the first equalization step.

it will be appreciated that it is within the scope of the present

invention to utilize conventional equipment to monitor and automatically regulate

the flow of gases within the system so that it can be fully automated to run

continuously in an efficient manner.

The invention is further illustrated by the following example in which,

unless otherwise indicated, parts, percentages and ratios are on a volume basis.

- EXAMPLE

This example consists of four experimental runs, each having a total half-
cycle time of 120 seconds and each conducted for a period of time sufficient to
ensure steady state conditions. The experimental runs were carried out in a pair
of vertical parallel-arranged cylindriéal adsorption vessels 76 cm in diameter and
approximately 2.1 meters high. Each vessel was packed with approximately 530
liters of bémmercial grade carbon molecular sieve pellets having a diameter of
about 2 mm. The adsorption vessels were equipped with lines and valving
sufficient to conduct experiments in accordance with the preferred embodiments
of the invention. The beds were operated 180° out of phase with one vessel in
adsor_'ption service while the other vessel underwent bed regeneration. All venting
of the beds was through the feed gas inlets of the vessels. The feed gas was
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air, compressed to.a pressure of about 8.4 bar. During bed regeneration pressure
in the vessel undergoing bed regeneration was reduced to about 1 bar by venting
the bed to t_he atmosphere. The adsorption processes were carried out at a
temperature of about 18°C. Runs 1 and 2 were conducted in accordance with

the process of the invention and Runs 3 and 4 were comparative runs. During the

‘regeneration step of each half-cycle the bed being regenerated was

countercurrently purged with low pressure nonadsorbed product gas.

Each half-cycle of Run 1 comprised a 115 second feed pressurization and
adsorption/bed regeneration step, a 1 sec. vent/equalization step with the beds

being 'equalized by outlet-to-outlet connection and the bed undergoing

| depressurization being vented to the atmosphere, a 2 sec. inlet-to-inlet and outlet-

to-outlet equalization step, and a 2 sec. countercurrent nonadsorbed product

backfill step.

- Each half-cycle of Run-2 comprised a 115 sec. feed pressurization and
adsorption/bed regeneration step, a 1 sec. \.lentlequalization step with the beds
being equalized by flowing gas from the outlet end of the bed being depressurized
to both the inlet and the outlet ends of the bed being repressurized, a 2 sec. inlet-

to-inlet and outlet-to-outlet ecjualization step and a 2 sec. countercurrent

‘nonadsorbed product backfill step.

Each-half-cycle of Run 3 comprised a 116 sec. feed pressurization and
adsorption/bed regeneration step, a 2 sec. vent/equalization step with the beds
being equalized by inlet-to-inlet equalization, and a 2 sec. countercurrent

nonadsorbed product backfill step.

Each half-cycle of Run 4 comprised a 116 sec. feed pressurization and
adsorption/bed regeneraﬁon step, a 2 sec. vent/equalization step with the beds
being equalized by both inlet-to-inlet and outlet-to-outlet connection, and a 2 sec.

countercurrent nonadsorbed product backfill step.
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The results of the above-described four runs are tabulated in the Table.

JABLE
Run N, Yield, % O, Impurity Level, ppm
1 185 67
2 | 18.6 | . 63
3 | 17.2 119
s " 18.0 72

Inspection of the results tabulated in the Table show that the runs

- conducted in accordance with the:preferred embodiments (Runs 1 and 2) produce

better results than those obtained in the comparative runs. Runs 1 and 2 have
better nonadsorbed product yields than either of the comparative runs.
Furthermore, the impurity level of the best comparative run, Run 4, is 7% higher
than that of Run 1 and 14% higher than that of Run 2.

Although the invention has been described with particular reference to
specific equipment arrangements, to specific adsorption cycles, and to specific
experiments, these features are merely exemplary of the invention and variations
are contemplated. For example, the adsorption cycle may include more than two
bed equalization steps, and the purge step and/or the nonadsorbed product backfill
step may be included or eliminated, as desired. Furthermore, the duration of the
individual steps and the operating conditions may be varied. The scope of the

invention is limited only by the breadth of the appended claims.
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What is claimed is:

1. _ A continuous process for separafing components of a gas mixture by
pressure swing adsorption in a plurality of vessels each containing a bed of
adsorbent that more strongly adsorbs a first component than a second component
of said gas mixture and each having-an inlet end and an éutlet end, comprising as
a first half-cycle conducting the steps: _
{a)  flowing said gas mixture at a selected superatmospheric pressure
cocurrently through a first vessel, thereby adsorbing first component-
enriched fraction and discharging second component-enriched gés product
from said vessel through its outlet end, while desorbing first component- -
enriched fraction from a second vessel by countercurrently depressurizing
said second vessel; ' |
(b}  terminating the flow of said gas mixture into said first vessel;
-(c) countercurrently venting gas. mixture from said first vessel;
(d)  partly pressurizing said second 9es'se| by flowing gas from the outlet
end of said first vessel into the outlet end of said second vessel;
(e}  further pressurizing said second vessel by flowing gas simultaneously
from the outlet end of said first vessel into the outlet end of said second
vessel and from the inlet end of said first vessel into the inlet end of said
second vessel.
()  pressurizing said second vessel to said selected superatmospheric
pressure by cocurrently flowing said gas mixture thereinto;
and as a second half-cycle repeating steps {a) to {f), but with the roles of said first _

and second vessels reversed.

2. " The process of clai'm 1, further comprising flowing gas from the outlet end

of said firsf vessel into the inlet end of said second vessel during step {(d).
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3. The process of claim 1, further comprising flowing gas from the outlet end

of said first vessel into the inlet end of said second vessel between steps (d) and

{e).

4, The process of either claim 1 or claim 2, further comprising between steps
(d) and (f}, further pressurizing said second vessel by flowing second component-

enriched gas product countercurrently thereinto.

- B, The process of claim 1 or claim 2, wherein step (c) at least partially

precedes step (d).

6. The process of claim 1 or claim 2, wherein step (c) and step (d) at least

partially overlap.

7. A continuous process for separating components of a gas mixture by
pressure ‘swing adsorption in a plurality of vessels each containing a bed of
adsorbent that more strongly adsorbs a first component than a second component
of said gas mixture and each having an inlet end and an outlet end, comprising.as
a first half-cycle conducting the steps: ' |
(a)  flowing said gas mixture a'_c' a selécted superatmospheric pressure
cocurrently through a first vessel, thereby adsorbing first component-
enriched fraction and discharging second componeht-enriched gas product
from said vessel through its outlet end, while desorbing first component-
enriched fraction from a second vessel by countercurrently depressurizing
said second vessel; _
{b) terr‘ninatiﬁg the flow of said gas mixture into said first vessel;
{¢)  countercurrently venting gas mixture from said first vessel;
(d)  partly pressurizing said second vessel by flowing gas from the
outlet end of said first vessel into both the inlet end and the outlet end of

said second vessel:
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{e)  further pressurizing said second vessel by flowing gas simultaneously

19

from the outlet end of said first vessel into the outlet end of said second
vessel and from the inlet end of said first vessel into the inlet énd of said
second vessel; _
(f) further pfessurizing said second vessel by ﬂo_wing second
component-enriched gas product countercurrently thereinto.
{g)  pressurizing said second vessel to said selected superatmospheric
pressure by cocurrently flowing said gas mixture thereinto;

and as a second half-éycle repeating steps (a) to {g), but with the roles of said

first and second vessels reversed.

8. The process of any one of claims 1', 2 or 7, wherein said selected
superatmospheric pressure is in the range of above 1 bar absolute to about 20 bar -

absolute.

8.  The process of claim 8, wherein the temperature in said vessels is

maintained in the range of about -50 to about 100°C.

10. The process of any one of claims 1, 2 or 7, wherein during step (a) the
pressure in said second vessel is reduced to an absolute pressure in the range of

about 100 to about 5000 torr.

11. The process of any one of claims 1, 2 or 7,.\'~herein said gas is air.

12. The process of clai'm 11, wherein said selected superatmospheric pressure

is in the range of about 4 to about 14 bar.

13. The process of claim 11, wherein the temperature in said vessels is

maintained in the range of about O to about 50°C.
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14. The process ﬁ'f claim 11, wherein during étep {a) the pressure in said
second vessel is reduced to an absolute pressure in the range of about 200 to

about 2000 torr.

15. The process of claim 11, wherein said first component is oxygen and said

second component is nitrogen.

16. The process of claim 11, wherein said first cbmponent is nitrogen and said

second component is oxygen.



