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l.

PRESSURE SWING ADSORPTION SYSTEM TO
PURIFY OXYGEN

BACKGROUND OF THE INVENTION

This invention pertains to the art of pressure swing
adsorption, and more particularly to the art of pressure
swing adsorption to purify oxygen. The invention is
predominately applicable to the art of splitting oxygen
from argon in connection with pressure swing adsorp-
tion methods using an adsorbent selective to argon, and
will be described with particular reference thereto. It
will be appreciated, however, that the invention has
broader applications and uses, such as in connection
with removing argon from other gases including air,
and may be advantageously employed in various envi-
ronments. These other applications and uses are consid-
ered to be included within the scope of this invention.

Pressure swing adsorption (PSA) is a well-known
method for separating gases. Typically, an adsorption
column contains an adsorbent material that is selective
toward one of the gases that is going to be separated. In
standard operation of a pressure swing adsorption col-
umn, four steps are followed. First, feed gas (which is to
be separated) is delivered under pressure to a previously
pressurized column at a feed end thereof. During this
step, the gas to be separated (the secondary product or
“heavy” gas) is adsorbed onto the selective adsorbent
material, and the remaining gas (the primary product or
“light” gas) escapes through the product end of the
column. As the feed passes through the column, the
more strongly adsorbed component (“heavy”) is selec-
tively taken up. At the other end of the column, a con-
tinuous stream of purified, less strongly adsorbed com-
ponent is taken off. As the bed reaches capacity, the
product stream is closed off, and the blowdown step
occurs.

The second or countercurrent blowdown step occurs
whereby the column is vented to decrease the pressure.
The previously adsorbed secondary product gas readily
escapes from the column into a lower pressure area.

Third, the column is subjected to a purge step
whereby primary product gas is recycled through the
column in a direction countercurrent to the feed step in
order to remove any of the adsorbed product remaining
in the column and to regenerate the adsorbent bed. The
purge step ceases when the purge stream reaches the
product end of the column, at which point a valve at the
feed end is closed to commence the pressurization step.

During this fourth or pressurization step, purified
product continues to flow into the column. The column
is pressurized by the purified primary product gas that is
admitted through the product end of the column while
the feed end is closed. This completes one PSA cycle.
The next cycle begins with the feed step described
above, and the steps are repeated.

A second PSA column may be operated 180 degrees
out of phase with the cycle in the first column. This
allows for a continuous feed stream that alternates be-
tween columns, as well as a continuous product stream.

With all of the above in mind, it has become desirable
to devise a method for using PSA to produce a high

. purity oxygen product from air. The three major com-
ponents of air include nitrogen (about 78%), oxygen
(about 21%) and argon (about 1%).

It is known in the art of PSA to produce a stream of
enriched oxygen from air by using adsorbents such as
zeolite 5A or 13X, both of which are selective to the
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nitrogen component of air. Since argon, like oxygen, is
non-polar and is not quadripolar (i.e., has virtually no
quadripole moment), it adsorbs in a similar manner to
oxygen. As a result of this similarity, most of the argon
is present in the product stream with the oxygen when
nitrogen selective adsorbents are used. Such stream has
an oxygen product purity of roughly 95%, with the
remaining 5% being argon.

It has become desirable to develop a method of fur-
ther purifying the oxygen according to a pressure swing
adsorption process. With a feed gas comprising oxygen
and argon, the oxygen in such a method would become
the primary product, and argon the secondary product.
Such method would follow the PSA steps described
above, or slight modifications thereto. The adsorbent
used in such a method would be selective to argon. The
separated oxygen would find usefulness in a variety of
environments and applications such as in association
with medical, industrial, acronautical and experimental
situations where highly purified oxygen is beneficial.

It is further desirable to develop a method for pro-
ducing oxygen having at least a 99.6% purity at a recov-
ery rate of at least about 25%. A desirable level of pro-
ductivity would be about 11Nm3/m3 hr.

The present invention contemplates a method for
recovering relatively high-purity oxygen from a' gas
comprising oxygen and argon at a ratio of about 21:1.
The method involves a pressure swing adsorption sys-
tem using an adsorbent material selective to argon.
Favorable operating parameters have been determined
as well.

BRIEF DESCRIPTION OF THE INVENTION

In accordance with the present invention, there is
provided a process for splitting oxygen from a gas com-
prising oxygen and argon according to a pressure swing
adsorption procedure. The resulting oxygen product
has a purity of at least 99.6%. A ratio of oxygen to
argon in the feed may be as low as 10:1. Such ratio may
be as high as 25:1 or higher. As the ratio increases a
higher purity oxygen product can be obtained. Along
these lines, the process will provide desirable results at
feed ratios of around 15:1 although a logical feed ratio
of oxygen to argon is about 20:1 or 21:1. These latter
ratios closely proximate the relative oxygen/argon con-
tent in air.

In accordance with a more limited aspect of the in-
vention, & process for splitting oxygen from a feed gas
such as air comprising oxygen and argon calls for a
series of pressure swing adsorption steps. The steps of a
preferred embodiment comprise a modification of the
standard steps described above in the Background of
the Invention section. Such preferred embodiment calls
for five steps as opposed to four.

First, a feed gas is supplied to a PSA column through
a feed end thereof. The column includes a bed of an
adsorbent that sclectively adsorbs argon, such as silver
mordenite AgM(18). The feed gas may comprise air or,
in the alternative, the predominately oxygen/argon
product remaining after nitrogen has been separated
out. In any event, the feed comprises oxygen and argon
in about a 21:1 ratio. As the feed passes through the
column, the argon is adsorbed onto the argon-selective
adsorbent. An oxygen-rich effluent exits through a
product end of the column. A front of argon proceeds
through the column, but before it reaches the product

VBOX, Inc. - Exhibit 2005 - Page 11



3
end of the column to exit with the oxygen-rich effluent,
the feed end of the column is closed.

Second, the column undergoes cocurrent blowdown.
Here, a relatively pure stream of oxygen escapes
through the product end of the column to a lower pres-
sure vessel.

Third, the column is subjected to countercurrent
blowdown. By this, the product end of the column is
closed and the feed end of the column is opened. The
previously separated argon which had been adsorbed
onto the adsorbent escapes from the column, perhaps to
a lower pressure tank.

Fourth, the column is purged with primary product
oxygen gas. Any argon remaining in the column is
forced out as effluent. The resulting exit stream may be
flowed to a purge waste tank or vented to the atmo-
sphere.

Fifth, the PSA column is pressurized with a gas that
is a combination of gases from two sources. One such
source is that of the feed product. The other source is
the effluent from the cocurrent blowdown step.

In another embodiment of the invention, the pressur-
ization may be conducted in a two step manner. The
bed is initially pressurized with the cocurrent blow-
down product. This is then followed by pressurization
with the product from the feed step. The intent behind
pressurizing using the combination or sequential feeding
of the feed product and cocurrent blowdown product is
to maintain high oxygen purity at the product end of the
column.

The cycle is then repeated. In actual practice, a sec-
ond column may operate at 180 degrees out of phase
with the first column. Additional columns may also be
used.

As discussed above, it is within the scope of this in-
vention to have already split off the nitrogen from the
air, feeding the column a gas comprising substantially
about 95% oxygen and about 5% argon. It is also within
the scope of this invention to include a “compound”
bed inside the column. By this, the bed would be com-
prised of an adsorbent selective to water vapor, another
adsorbent selective to nitrogen, and a third adsorbent
selective to argon. The separation could occur in sepa-
rate beds or a single bed.

A principal advantage of the present invention is the
ability to recover high-purity oxygen from a gas such as
air comprising oxygen and argon at a ratio of about
21:1. Still other advantages and benefits of the invention
will become apparent to those skilled in the art upon a
reading and understanding of the following detailed
description.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may take physical form in certain parts
and arrangements of parts, a preferred embodiment of
which will be described in detail in this specification
and illustrated in the accompanying drawings which
form a part heréof.

FIGS. 1 and 2 represent schematic block diagrams
representative of the steps involved in pressure swing
adsorption processes of the invention.

FIG. 3 is a graph comparing recovery and purity for
two pressure swing adsorption cycles at a pressure of
10.7 atm., 60° C. and at a cycle time of 6 minutes.

FIG. 4 is a graph comparing recovery and cycle time
of two pressure swing adsorption cycles at a pressure of
10.7 atm. and a temperature of 60° C.
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FIG. § is a graph comparing productivity and cycle
time of two pressure swing adsorption cycles at a pres-
sure of 10.7 atm. and a temperature of 60° C.

FIG. 6 is a schematic of the experimental apparatus
used for laboratory pressure swing adsorption tests
using silver mordenite as the adsorbent.

FIG. 7 is a graph showing an argon effluent composi-
tion in experiment 8 discussed herein. Vertical bars
separate pressurization and feed, and cocurrent blow-
down and blowdown.

FIG. 8 is a graph showing the argon mole fraction in
pressure swing adsorption experiment 8 at feed and
blowdown steps in cycle 35. The break between steps is
at 450 seconds.

FIG. 9 is a graph showing bed temperature response
for AgM PSA at 60° C., from experiment 7.

DETAILED DESCRIPTION OF THE
INVENTION

Studies have been conducted to determine an absor-
bent suitable for splitting at least 99.7% oxygen from a
mixture comprising about 5% argon, the balance oxy-
gen. Since adsorption is fundamentally controlled by
equilibrium, adsorption isotherms play an important
role in adsorbent selection.

In typical PSA cycles, the light product is obtained at
high pressure, and the byproduct (or heavy product) is
exhausted at low pressure. Such cycles occur over a
span of a few minutes. The rate or kinetics of adsorption
can disguise the equilibrium behavior, and in extreme
cases the equilibrium selectivity can be completely
masked by differences in diffusion rates. Other proper-
ties that affect PSA performance or cost are the adsor-
bent’s density and its need for preparation.

Adsorption isotherms for oxygen and argon have
been measured in batchwise experiments, at pressures
from subatmospheric to about 100 psia (7 atm.). The
experiments were conducted using as adsorbents so-
dium mordenite, NaM, which contains no silver; copper
mordenite, CuM; VSA-II; silver mordenite, AgM(2),
containing about 5.5% by mass silver; and AgM(18),
containing about 12% by mass silver. See, e.g., Wilker-
son, B. E., “The Adsorption of Argon and Oxygen on
Silver Mordenite,” 1990.

It was determined that there is essentially no selectiv-
ity for ordinary mordenite or copper mordenite, and
that selectivity for VSA-II decreases as temperature
increases. Slight selectivity exists for AgM(2). Signifi-
cant selectivity is exhibited for AgM(18) which con-
tains the highest loading of silver from among the ad-
sorbents tested.

Upon further testing of silver mordenite AgM(18), it
was determined that the intraparticle diffusion resis-
tance of the adsorbent plays a role in or governs adsorp-
tion. In attempting to achieve sharp separations via
pressure swing adsorption, the intraparticle diffusion
resistance should be minor. Diffusion in zeolites may
occur in two modes, one corresponding to macropores
(100A) or larger, the other corresponding to micro-
pores (3 to 10A). Upon conducting experimentation on
silver mordenite in both powder and pellet form, it was
concluded that micropore diffusion controls the rate of
adsorption in silver mordenite.

Silver mordenite AgM(18) tested to have a bulk den-
sity of about 0.968 to 0.973 g/cm3; particle density of
about 2.33 to 2.35 g/cm3; void fraction of 0.584 to 0.589;
silver weight percent of about 11.75 to 13.66%; and a
sodium weight percent of about 0.31 to 0.39%. It was
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5
determined experimentally that the selectivity of
AgM(18) toward argon decreases as temperature in-
creases.

The inventors used a mathematical model to predict
the results of a PSA system to purify oxygen. For pre-
liminary assessment, a8 local equilibrium model ap-
proach was first followed. A goal of this approach was
to identify a suitable cycle by considering perturbations
of conventional cycles. Another goal was to identify
appropriate operating conditions so that experimental
verification would be facilitated.

Some of the results are based on extrapolations of
experimental data. For example, the isotherm data did
not extend to the highest pressures cxamined by the
model. Likewise, the mass transfer results were inferred
from data that did not exactly represent the conditions
in a PSA system. Actual data from the PSA system
indicates that discrepancies exist.

A second more rigorous model was then followed.
The following assumptions are made in the second
model: ideal gas behavior, negligible pressure drop
along the bed, spherical pellets and crystals. The model
is formulated for a two-component mixture and takes
into account diffusion and convection fluxes in adsor-

bent macropores.
The model equations:
26 ()
aC uCy 3a°C
e+ + (L - 9l -y +JC)= D‘T
L2y _ € 3P _ @
A= "F T (-
aCy - any 3)
7 = KC) — C) +JC; T
C|+Cz=a+C_'z='{T @

M=m*©CLCm=mn*C,CuD.

Assuming that mass transfer rates are very high, local
equilibrium results between the gas and adsorbent. The
theory that evolves from that approach is simplified and
yields the best results possible from a PSA process.
Such a theory cannot, however, predict product purity.
Thus, although such theories are simple and usually
predict recovery accurately, all simulations were done
numerically using all the model equations.

The above equations can be used for simulation of all
possible steps in PSA separation process. For each step
there are boundary conditions of the model that both
describe the cycle and permit the solution mathemati-
cally. These are given below.

Feed 1=0: u = ug, Ci=Cjo-
1=L: dCy/dl = 0.

Purge 1=L: u = ug, C1=Cjo0-
1=0 dCy/dl = 0.

Blowdown 1=0: u=0
l=L: dCidl =0.

Pressurization 1= 0: Ci=Cjo.
1=L u=0, dCy/dl = 0.

Boundary conditions for blowdown and pressuriza-
tion steps are shown for cocurrent direction. For coun-
tercurrent direction boundary conditions at 1=0 and
I=L must be switched. Initial conditions for each step
are set at the final conditions of previous step. At the
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beginning of the modeling of the process initial condi-
tions of the first step must be given.

In order to use the model, it is necessary to know the
adsorption isotherms of the components to be sepa-
rated, along with the diffusivity, bed void fraction,
pellet porosity, and axial diffusion coefficient.

In laboratory-scale adsorbers axial diffusion is negli-
gible so D;is approximately equal to zero. Experiments
to determine adsorption isotherms of Ar and O3, bed
void fraction and pellet porosity were made earlier
(Reichley 1991): €=0.387; €p=0.300

Adsorption isotherm data were fit to Langmuir-type
equations for Ar and O; from equilibrium experiments
at various temperatures:

| 8.875C4, 1.363Con )
T'=30"Cinar = T g001C,, + "0 = T F 0.00307Co,
e 5222C4, 4.155Co, ®
= 60" C:m4r = T50025C,  "02 = T 7 0.00166Co;
3.206C4, 2.629Co, (Y]

T=90C.:nyg =

T+ 0.00117C,4, * 02 = T ¥ 0.00108Co,

The value of the model’s mass transfer coefficient, k,
was obtained from breakthrough experiments. It was
initially determined that an approximate value of k at
30° C. and 1 atm from molecular theory and literature
data about zeolite structure, is 8.113 s—1. Then a more
precise value was found from breakthrough experi-
ments by comparison of theoretical (i.e., model) and
experimental results at various values. Using this
method values at various temperatures were deter-
mined. Excellent agreement was found between the
model predictions and experiments at 90° C. and 60° C.,
and satisfactory agreement at 30° C.

In the calculations the main parameters of cycle per-
formance were:

T temperature, “C.

Time of cycle, min;

Vr volume of gas introduced to adsorber at feed step,
Ve volume of product gas used for purge,

Pry highest pressure (atm),

Pr; lowest pressure (purge pressure, atm)

Py intermediate pressure after cocurrent blowdown

step.

The main results of the simulation are:

Pur oxygen purity, -

Rec oxygen recovery (quantity of Oy in product gas
B divided on quantity of O in gas to be separated)

Prod  productivity (volume of product gas).

All volumes here and below are dimensionless—they
are per volume of adsorber and per cycle. For Vy=0.5,
the adsorber volume is 2 liters and the cycle time is §
minutes. In this case the volume of the feed during the
cycle is VAV q45=0.5*2=1 standard liter. The flow rate
is VAV,3/5=0.2 slpm. All this affects Vg and Prod
also.

The present inventors have modified the standard
four-step PSA process described above (i.e., pressuriza-
tion, feed, countercurrent blowdown and purge) in
order to increase recovery of purified oxygen by adding
a cocurrent blowdown step between the feed and coun-
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tercurrent blowdown steps. This modified version of
the standard cycle is shown in FIG. 1. The five (5)
different stages of the PSA process are represented by
blocks 1-5 of FIG. 1. With attention to FIG. 1, the
column is pressurized using a feed comprising about
95% oxygen and about 5% argon, as set forth in block
1, the pressurization block. The feed enters at a first or
feed end of the column. Next, block 2 (feed block)
shows feed comprising 95% oxygen entering into the
column at the feed end. An oxygen rich stream exits
from the product end of the column represented by
block 2. Succeeding block 3 represents a cocurrent
blowdown step where additional oxygen rich cocurrent
blowdown product emerges through the feed end.
Block 4 demonstrates that a blowdown step occurs
whereby argon exits through the feed end. Finally, as
shown in block §, the column is purged with the oxygen
rich product stream from the feed step of block 2.

The modified cycle just described has been deter-
mined upon calculation to provide less-than-satisfactory
results. The desirable purity level of 99.7% oxygen in
the product stream could not be achieved at a feasible
range of operating conditions. The results of the tests
using that cycle provided a purity level below 99%.

The modified cycle discussed above and shown in
FIG. 1 was further modified by replacing the step of
pressurization by feed with pressurization by a mixture
of product from the feed step and product from the
cocurrent blowdown step. This version was designated
Cycle N3. It was determined that cycle N3 provides
improved results over the standard four-step cycle
maodification of FIG. 1. By decreasing blowdown pres-
sure, an increased quantity of product gas may be real-
ized along with increased recovery and productivity.
Results of Cycle N3 at 90° C. and a pressure of 10.7 atm.
show a less-than-desirable purity for short cycles (i.e.,
cycles less than 8 minutes). Results are better than those
at 5.35 atm., but they improve still more if the cycle
time is raised to a range of about 8 to 12 minutes. Similar
results were obtained at 60° C.

Cycle N3 was modified by pressurizing the column in
two separate steps. First, the product from the cocur-
rent blowdown (the less pure product) was used for
initial pressurization. Second, the product from the feed
step (the purer product) was used for the final pressur-
ization. This cycle is referred to as Cycle N4. A diagram
showing the steps of Cycle N4 is shown in FIG. 2. Here,
it can be seen that at block 3, product from the feed is
sent to block 2, the second pressurization step. Product
from block 4, the cocurrent pressurization step, is
shown as being used in block 1, representative of the
initial pressurization or equalization step. Block 5§ shows
the counter current blowdown step wherein the less
desirable product argon exits through the feed end of
the column. Finally, block 6 represents the feed step. As
will be noted, product from the feed step, the purer
product, is used to purge the column at block 6. Argon-
contaminated waste exits through the feed end after the
purge step.

FIG. 3 represents a comparison of Cycles N3 and N4
at an operating temperature of about 60° C. and a maxi-
mum pressure of about 10.7 atm. (157 psia), with the
conditions and results summarized in Table 1. In FIG. 3,
the quantity of feed is varied and the resulting purity
and recovery are plotted. The results shown for cycle
N4 are more desirable than those for Cycle N3. As such,
additional experimentation was conducted for Cycle
N4.

50

55

60

8
TABLE 1
_ Comparison of Cycles N3 and N4. k = 4.3s~1.
Trial Purity Recovery Prod. Prod.
No. Cycle Vy Vpo % % per cycle per hr.
1 N3 70 05 99.82 5.34 0.355 3.55
2 N3 74 05 9977 10.6 0.745 7.45
3 N3 78 05 997 15.32 1135 11.35
4 N4 82 05 99.81 16.06 1.25 12.5
5 N4 86 05 9975 20.08 1.64 16.4
6 N4 90 05 99.67 23.73 2.028 20.28

Results of a number of simulations of Cycle N4 at 60°
C. and 10.7 atm., and a mass transfer constant 2.8 s—!
are summarized in Table 2. Mass transfer coefficient k
has been determined from breakthrough experiments.
As will be noted, an increase in the cycle time results in
an increase in recovery and cycle productivity. This is
further shown in FIGS. 4 and §, respectively. It was
noted that increasing cycle time further results in a
sharper adsorption front with additional pure product
gas. Increasing cycle time increased recovery up to the
equilibrium limit.

TABLE 2
_Results of Modeling for Process N4 at 60° C. and 10.7 atm.
Cycle Purity Prod. Prod.
Trial No. Time Vs % Recovery % percycle perh
1 6 76 99.75 9.185 0.663 6.63
2 6 80 99.68 13.848 1.052 10.52
3 6 84 9959 18.06 144 1441
4 6 88 995 21.88 1.83 18.3
5 8 80 998 13.88 1.055 791
6 8 84 9973 18.1 1.44 10.83
7 8 8.8 99.65 21.93 1.83 13.75
8 8 92 9956 25.41 222 16.66
9 10 84 99381 18.13 145 8.68
10 10 88 9974 21.96 1.83 11.01
11 10 94 99.61 27.08 242 14.51
12 12 88 998 21.98 1.84 9.185
13 12 92 973 2547 2.23 11.13
14 12 96 99.65 28.66 2.61 13.07
15 14 88 99.84 21.99 1.84 7.88
16 14 92 99.78 25.49 223 9.55

Cycle time affects productivity more subtly. On one
hand, increasing the time and recovery leads to increas-
ing cycle productivity. The number of cycles per unit of
time, however, decreases. Consequently, productivity
passes through a maximum. As the desired purity of the
product gas increases, the maximum shifts to longer
cycles. Thus, cycle time of about 10-12 minutes may be
preferable for producing desired results.

Similar results were found at the pressure range of
about 0.4 to 4.0 atm as shown in Table 3. Here, high
recovery, high purity, and high productivity are possi-
ble at cycle times of 7 to 15 minutes.

TABLE 3
_Processat T = 60° C; Pressure Range 0440 atm. Cycle N4.
Cycle
Trial Time Purity Recovery Prod. Prod.
No. (min.) Vy Vpe % % per cycle per hr.
1 8 35 03 99.73 5.83 0.194 1.455
2 g8 38 03 9957 13.52 0.488 3.66
3 10 36 03 99.77 2.54 0.292 1752
4 10 38 03 99.65 13.53 0.488 2928
5 12 34 03 9989 297 0.096 0.479
6 12 36 03 9981 8.55 0.292 146
7 12 38 03 9971 13.54 0.489 2445
8 12 40 03 99.57 18.01 0.684 342
9 14 38 03 9975 13.54 0.489 2.09
10 14 41 03 9954 20.09 0.782 335
n 16 38 03 9978 13.55 0.489 1.83
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TABLE 3-continued

Process at T = 60° C.; Pressure Range 0.4-4.0 atm. Cycle N4.

10
EXAMPLES

Several PSA experiments were conducted in an at-

Trial CT’;I: Purity Recovery Prod.  Prod. tempt to split oxygen having about a 99.7% purity from
No. (min) Vs Ve % % percycle perhr. S5 @ feed comprising about 95% oxygen and about 5%
") 16 41 03 9958 201 0753 293 argon. These experiments were conducted using silver
13 16 43 03 9931 25.7 1.075 403 mordenite AgM(18) as the adsorbent. The steps in-
14 18 38 03 998 1355 0.489 1.63 volved in the experiments comprised pressurization,
:2 :: :g gg g-gg ;;g; 8‘2?5 228 feed, cocurrent blowdown, countercurrent blowdown
— . : : 2% _ 10 and purge. Purified oxygen was produced during the
feed and cocurrent blowdown steps. This was described
Increasing the mass transfer constant leads to a  above as Cycle N3.
sharper front and improved performance, Since k de- With reference to FIG. 6, a schematic representation
pends on temperature, pressure and adsorbent particle  of the system used in conducting these experiments is
size. By choosing these parameters, it is possible to at 15 set forth. The equipment, instruments and system used
least partially control the rate of mass transfer. By in-  in the example practices of the PSA method of the
creasing mass transfer k by 53.5% (from k=4.3 S—!and invention are shown. The schematic format of FIG. 6
from k=2.8 s—1), a 53.5% increase in recovery and may be better understood with a view toward first un-
productivity may be realized. derstanding the legends shown therein. The various
Pressure affects separation performance. For exam- 20 components are abbreviated as follows: PT—pressure
ple, Table 4 shows data for the process at 60° C. and transducer; FC—flow controller; FM—flow meter;
21.7 atm. Recovery at this pressure exceeds 25% and MS—mass spectrometer; SV-—solenoid valve; and
productivity is about 25 Nvol/(vol hr) at the desired MV —metering valve. In particular, FC; to a first flow
purity. In order to find the equilibrium limit for this  controller. FC; and FC; refer to second and third flow
process, calculations were made with k at 28.0 s=2and 25 controllers, respectively. Similarly, SV1 refers to a first
x=100.0 s—2. These values represent an increase of k of  solenoid. SV2 refers to a second solenoid valve. SV3,
10 and 35.7 times, respectively. At x=28.0 s—2, the SV4, SV5, SV6, SV7 and SV8 refer to third, fourth,
recovery is about 50% for a productivity greater than fifth, sixth, seventh and eighth solenoid valves, respec-
70 Nvol/(vol hr). At k=100.0 s—2 equilibrium was tively.
nearly achieved, with recovery at about 55% and pro- 30 A single column was used in the system. The column
ductivity at about 80 Nvol/(vol hr). was filled with silver mordenite AgM(18) adsorbent.
TABLE 4 Oxygen purity was measured by a Perkin-Elmer
- - MGA-1200 mass spectrometer. Generally, there was a
Process at 60° C, P"i“i’;é‘:f,‘m Cycle N4, 10 min, slight discrepancy between the composition indicated
Purity Recovery  Prod. Prod. 35 on the meter of the mass spectrometer and the analog
N Feed Pe % % per cycle  vol/(vol hr) output r?cel‘wd by thF. computer. . .
T 150 10000 9985 2101 299 17.843.55 ExPcnmcnml condmo_ns fqr all the silver mordenite
2 160 10000 99.79 26.09 397 23.82 experiments are summarized in Table 5. The results for
3 170 10000 99.72 30.5 493 29.58 Experiments 5-8 are summarized in Tables 6-9. De-
4 170 100 99.65 30.5 4.93 29.58 40 tailed results for Experiments 4 were recorded via com-
5 130 10000 99.64 3452 59 354 puter, but only final results were recorded manually. In
that experiment, 16 cycles were completed, and the
The invention will now be further described by the ultimate oxygen purity was 99.5 to 99.6%. When cor-
following examples. rected for losses due to sampling, the recovery was
45 estimated to be about 9.8% to 12.1%.
TABLE 5
PSA Experiments with Silver Mordenite: Conditions
DURATIONS ACTUAL VALUE
No./Date  STEP OR DEVICE ) SET POINT (std. 1/min)
1/2:21-92 PURGE 120 3 0.03
PRESSURIZATION 60 —
FEED 180 148 146
Co-BD 120 156 1.56
BLOWDOWN 120 -
2/2-2492 PURGE 140 3 0.03
PRESSURIZATION 60 — —
FEED 180 147 163
Co-BD 120 156 1.56
BLOWDOWN 100 320 3.10
3/225.92 PURGE 120 26 03
PRESSURIZATION 60 = <
FEED 240 6.8 0.86
Co-BD 120 110 115
BLOWDOWN 120 100 120
4/2:25-92 PURGE %0 26 03
PRESSURIZATION 60 — —
FEED 240 6.8 t0 8.0 0.86 10 1.02
Co-BD 120 110 to0 10.5 11510 1.10
BLOWDOWN 150 - -
5/2-26-92 PURGE 90 26 03
PRESSURIZATION 60 = —
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TABLE 5-continued
PSA Experiments with Silver Mordenite: Conditions
: DURATIONS ACTUAL VALUE
No./Date STEP OR DEVICE (s) SET POINT (std. 1/min)
FEED 240 8.0 0.95
Co-BD 60 25 23
BLOWDOWN 150 — —
6/2-21-92 PURGE 90 26 03
PRESSURIZATION 60 — —
FEED 240 8.0 1.018
Co-BD 60 255 2.55
BLOWDOWN 150 = -
/22892 PURGE % 26 0.3
PRESSURIZATION 60 — —
FEED 270 8.0 1.018
Co-BD 30 540 50
BLOWDOWN 150 = -
8/3-392 PURGE %0 45 0.18
PRESSURIZATION 120 — =
FEED 240 6.0 0.77
Co-BD 30 40.0 39
BLOWDOWN 150 . —
TABLE 7-continued
TABLE 6
S —— PSA Experimental Results: No. 6
__PSA Experimental Results: No. 5 PRODUCT
PRODUCT TANK PRESSURE (psia) PRC?\?S}ET 25 PRODUCT TANK PRESS ol OVER
A {psia) CYCLE PU PR FEED CoBD BD  CYCLE
CYCLE PU PR FEED CoBD BD CYCLE
AN (mol) 0.014
20 6172 59.36 61.18 6215 6188 , 7.87%
21 61.83 5947 6128 (6225 6199 2
AP (psia) 0.1 011 010 (0.10) 0.11 30
AN (mol) 0.11
Rogp 6.84% TABLE 8
22 6194 59.58 61.38 6235 62.08 PSA Experimental Results: No. 7
AP(psia) 011 011 010 010 010 PRODUCT
A’;ﬁ“;"‘) S PRODUCT TANK PRESSURE (psis)  OVER
2 .
23 62.04 59.67 (61.48) 6245 62.19 35 CYCLE PU PR FEED Co-BD BD CYCLE
Yarmax 0106 —  — - 0.092 12 70.56 68.05 €997 — 7083
AP (psia) 010 009 (0.10) 0.10 0.10 YarmMAx 0.120 — — — 0.077
AN (mol) 0.010 13 7077 6824 7013 — 7100
24 62.14 59.76 61.58 —_ YarMax 0.123 — — — 0.078
Yarmax 0007 —  — = 0.0915 0.004 AP (psia) 021 0.9 016 — 0.17
AP (psia) 0.10 0.11 0.10 — —_ 40 AN (mol) 0.0178
AN (mol) 0.011 Rg, 9.16%
Rg 6.58% &
pp -58% 16 7062 6814 7004 — 7090
29 - — 6061 — = 17 — 6830 7019 7145 7104
Yarmax 01095 —  — e 0.093 0.005 AP (psis) (0.18) 0.16 0.15 0.14
AN (mol) 0.0168
45 8.63%
TABLE 7 zA,pROD (Aff:er Cyc}e :o. 25) 0.0055
Afte c! 0. 38 0.0085
PSA Experimental Results: No. 6 APROD Sigevee A
PRODUCT
PRODUCT TANK PRESSURE (psia) OVER TABLE 9
CYCLE PU PR FEED CoBD BD CYCLE 50 -
[ 6149 6258 6233 —fepfaperimone Resds o 8
9 — 5988 6160 6267 6242 AVERAGE
Yasax 0119 —  — = 009s PRODUCT TANK PRESSURE (psis)  OVER
AP r(ps“) — — 0.11 0.11 0.09 CYCLE PU PR FEED Co-BD BD CYCLE
AN (mol) : 0011 55 33 68.60 66.87 6823 68.17 68.87
6.30% 34 6873 6699 6834 6328 6899
10 — 5997 61.69 6276 6251 AP(psia) 013 012 011 011 012
AP (psia) — 009 009 0.09 0.09 AN (mol) 0.0124
AN (mol) 0.0094 Repp 9.5%
Ropp 5449 Y, 0.0067
11 — 5995 — — 6230 —AEROD
AP(psis) — 009 (0.10) €10 010 60
AN (mol) 0.0105 Examples of analog values of argon mole fraction
R;'{P GLiA %976 6158 — _ 608% from Experiment 8 are shown in FIGS. 7 and 8. The
AP(psia) 010 011 010 — — former shows cffluent during two entire cycles as time
AN (mol) 0011 elapsed. The latter shows only the first feed and cocur-
Ra_;;p i 625% 65 rent blowdown product. These show an average argon
§8 gﬁ I - - content in the gross product of slightly less than 0.3%.
YoMex 0127 — — — - 0.0055 The observed value in the product tank was higher,
AP (psia) 013 — — - - about 0.67%. A similar observation was made during
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the experiments: the product composition during the
feed and cocurrent blowdown steps was commonly
lower in argon than was subsequently observed in the
product tank. The possible causes of this discrepancy
are uncertain. Possibilities include instrument error
and/or faulty sampling, probably during cocurrent
blowdown.

Similarly, the temperature responses, recorded via
thermopile inserted in the adsorbent bed, are shown in
FIG. 9. It is to be noted that the ordinate in FIG. 9 is not
pure temperature since the signal was amplified by the
multiple junction thermopile and then separately ampli-
fied and scaled. There does not appear to be a visible
thermal wave. If one existed, a sharp rise should be
observed early in the feed step (after the sharp rise due
to pressurization), at the feed end first, then at the mid-
point. There is a small rise at the product end of the
cocurrent blowdown step, but this is probably an arti-
fact, since no corresponding peak of argon was ob-
served in the product. It is completely possible that the
cycle could be controlled by monitoring the tempera-
ture profiles at the product end of the bed.

Another observation made from the experiments is
the vast difference in diffusion rates of argon and oxy-
gen. This was most apparent during blowdown. When
depressurizing from about 30 psia down to about 5 psia,
the effluent was richer in oxygen than in the feed. Only
as the absolute pressure dipped below 5 psia did the
composition of the effluent shift to be higher in argon
than in the feed. The percentage of argon in the effluent
typically increased during blowdown, even though the
flow rate diminished. The composition typically
achieved a maximum in argon during the purge step.
Breakthrough experiments did not exemplify this be-
havior since they occurred at constant pressures.

Calculations were done to compare theoretical re-
sults with the experimental observations. Simulations
were done of the process at 60° C. and at 90° C,, and a
pressure range of 0.4 atm to 4.0 atm. Cycle N4 (FIG. 2)

was used, although Cycle N3 was actually used in the 40

laboratory-scale unit. The results are shown in Table 10.

TABLE 10

—

20

35

14

Conversely, at 90° C. the predicted purity, recovery,
and productivity are about the same as those achieved
experimentally. Diffusions rates in zeolite are higher
(and probably more nearly equivalent) at high tempera-
tures for two reasons: diffusivity is a strong function of
temperature and the pore size of the zeolite actually
increases with temperature.

Because of the accuracy at the higher temperatures, it
is reasonable to expect that the predictions at lower
temperatures will improve.

Based on the above experiments and discussion, it can
be concluded that separation of 5% argon/95% oxygen
mixture with an oxygen purity of 99.7% is possible
using AgM(18) adsorbent and cycle N3 or N4. The
most desirable results are achieved for a process having
the following parameters: high feed pressure (10.7 atm.
or greater); a low purge pressure (about 1.07 atm.); a
moderate temperature (above 60° C.); and a rather long
cycle time (10-12 minutes). The dimensionless flow
(vol. per cycle/vol. of column) should be about 8.8 to
9.2 for the feed, and about 0.5 for the purge stream. A
cycle with two-step product pressurization, as de-
scribed by Cycle N4, should be used. The process will
result in oxygen purity of more than 99.7%; recovery of
about 25%; and productivity of about 11Nma/(m3 hr).
Separation results are sensitive to the feed pressure and
mass transfer constant k. Increasing the pressure and
using smaller adsorbent particles could result in im-
proved recovery and productivity, while maintaining
desired purity.

The invention has been described with reference to
the preferred embodiments. Obviously modifications
and alterations will occur to others upon a reading and
understanding of this specification. It is intended to
include all such modifications and alterations insofar as
they come within the scope of the appended claims or
the equivalents thereof.

We claim:

1. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon in a ratio
of about 21:1, comprising the steps of:

feeding a feed gas comprising oxygen and argon to &

Comparison of the experimental results and theoretical
predictions. Adsorber V = 0.801 I, adsorbent AgM (18), product tank

V =3781.
CONDITIONS RESULTS
Cycle Feed Purge Oxygen . Product  Product
EXPT. Time Flow Flow Purity Recovery Per Per
NO. T C. (min) (SLM) (SLM) % % Cycle Hour
5 60 10 0.95 0.3 99.5 6.6 0.31 1.86
6 60 10 1018 03 99.45 6.4 0.28 1.68
7 60 10 1018 03 99.2 89 0.47 2.82
‘Theory 60 10 0.87 0.07 99.67 13.6 0.49 294
8 90 105 0.78 0.17 99.4 9.5 0.35 201
Theory 90 12 0.7 0.08 99.43 89 022 1.1

As will be seen in the Table 10, at 60° C., the pre-
dicted purity, recovery, and productivity are better
than achieved experimentally. As noted above, the
product purity of Experiment 4 was 99.5 to 99.6 oxygen
and, when corrected for losses due to sampling, the
recovery was estimated to be at about 9.98% to 12.1%.
These values are generally closer to the prediction at
60° C. than those for Experiments 5-7. The discrepan-
cies are probably due to unaccounted for diffusion resis-
tance that actually appears to be different for argon and
oxygen. The model took them to be identical.

65

pressure swing adsorption column at a feed end
thereof, the column including therein a bed of sil-
ver mordenite adsorbent selective to argon to pro-
duce a high purity oxygen feed product;

adsorbing argon on the silver mordenite;

subjecting the column to cocurrent blowdown to
provide an enriched cocurrent blowdown oxygen
product;

countercurrently blowing down the column to pro-
vide an enriched argon product;
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purging the column with a purge stream comprised of

feed product;

pressurizing the column with feed product and cocur-

rent blowdown oxygen product.

2. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon, as set
forth in claim 1, wherein the step of feeding is con-
ducted at a flow rate of about 8.8-9.2 vol. per cycle/vol.
of column.

3. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon, as set
forth in claim 1, wherein the step of feeding continues
until the argon is about to break through a product end
of said column.

4. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon, as set
forth in claim 1, wherein the step of purging calls for a
purge pressure of about 1.07 atm.

5. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon, as set
forth in claim 1, wherein the flow rate of the purge
stream is about 0.5 vol. per cycle/vol. of column.

6. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon, as set
forth in claim 1, wherein the step of pressurizing com-
prises supplying the feed product and cocurrent blow-
down oxygen product separately.

7. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon, as set
forth in claim 1, wherein the step of pressurizing com-
prises supplying a mixture of the feed product and
cocurrent blowdown oxygen product to the pressure
swing adsorption column.

8. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon, as set
forth in claim 1, wherein a cycle period of the process is
in the range of about 10-12 minutes.

9. A process for obtaining a high purity oxygen prod-
uct from a gas comprising oxygen and argon, as set

10
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forth in claim 1, wherein a level of recovery of oxygen
according to the process is about 25%.

10. A process for obtaining a high purity oxygen
product from a gas comprising oxygen and argon, as set
forth in claim 1, wherein a level of productivity of the
process is about 11 Nm3/M3 hr.

11. A process for splitting oxygen from a gas com-
prising oxygen and argon, as set forth in claim 1,
wherein the adsorbent comprises at least about 5.5% by
mass silver.

12. A process for splitting oxygen from a gas com-
prising oxygen and argon, as set forth in claim 11,
wherein the adsorbent comprises at least about 12% by
mass silver.

13. A process for obtaining a high purity oxygen
product from a gas comprising oxygen and argon, as set
forth in claim 1, wherein the feed gas has a pressure of
at least about 10.7 atm.

14. A process for splitting oxygen from a gas com-
prising oxygen and argon, comprising the steps of:

feeding a feed gas comprising oxygen and argon to a

pressure swing adsorption column at a feed end
thereof at a pressure of at least 0.4 atm., the column
including therein a bed of silver mordenite adsor-
bent selective to argon;

adsorbing argon onto the silver mordenite adsorbent;

recovering a product having an oxygen purity of at

least about 99.7%.

15. A process for splitting oxygen from a gas com-
prising oxygen and argon, as set forth in claim 14,
wherein a cycle time of said process is at least about 7
minutes.

16. A process for splitting oxygen from a gas com-
prising oxygen and argon, as set forth in claim 15,
wherein said feed gas is supplied at a flow rate of about
8.8-9.2 vol. per cycle/vol. of column.

17. A process for splitting oxygen from a gas com-
prising oxygen and argon, as set forth in claim 14,
wherein said column operates at a temperature of at

least 60° C.
* o 2 * %
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