
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number
(43) International Publication Date

27 January 2011 (27.01.2011) WO 2011/011432 A2

(51) International Patent Classification: (72) Inventors; and
BOlD 53/047 (2006.01) COlB 13/02 (2006.01) (75) Inventors/Applicants (for US only): VAN BRUNT,

Nicholas P. [US/US]; One Bald Eagle Island, White Bear
(21) International Application Number: Lake, Minnesota 55 110 (US). JAGGER, Theodore W.

PCT/US20 10/04263 1 [US/US]; 5743 Birch Road, White Bear Lake, Minnesota
(22) International Filing Date: 55 110 (US). LONNES, Perry B. [US/US]; 5300 East

20 July 2010 (20.07.2010) Bald Eagle Blvd., White BearLake, Minnesota 55 110
(US). KIVISTO, John A. [US/US]; 3367 221st. Avenue

(25) Filing Language: English NW, Oak Grove, Minnesota 55303 (US).

(26) Publication Language: English (74) Agents: BERGMAN, Larrin et al; c/o Kinney & Lange,

(30) Priority Data: P.A., 312 South Third Street, Minneapolis, Minnesota

61/227,545 22 July 2009 (22.07.2009) US 55415 (US).

(71) Applicant (for all designated States except US): VBOX, (81) Designated States (unless otherwise indicated, for every

INCORPORATED [US/US]; 2342 East County Road J, kind of national protection available): AE, AG, AL, AM,

White Bear Lake, Minnesota 55 110 (US). AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,

[Continued on next page]

(54) Title: APPARATUS FOR SEPARATING OXYGEN FROM AMBIENT AIR

(57) Abstract: An apparatus for separation of gases from ambient air
that has at least one separation column with an inlet at a first end and
an outlet at a second end, a buffer column having a single inlet at a
first end, a vacuum pump, and a valve system that connects the vacu
um pump to the outlet at the first end of the separation column, and
that connects the outlet at the second end of separation column to the
single inlet at the first end of the buffer column.



CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, GW, ML, MR, NE, SN, TD, TG).
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, . . . , .
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW. Publ ished:

„ . , . , , , , . — without international search report and to be republished
(84) Designated States (unless otherwise indicated, for every . , / u , „ , ,,

7 - r . I A T T, r , , upon receipt of that report (Rule 4 8.2(g))kind o/ regionalprotection available): ARIPO (BW , GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,



APPARATUS FOR SEPARATING OXYGEN FROM AMBIENT AIR

BACKGROUND

The present disclosure relates to an adsorption based gas separation apparatus

that separates oxygen from ambient air with beneficial improvements over the prior art in

size, weight and energy consumed per unit of oxygen separated from air.

Pressure swing separation systems are known to offer the best energy efficiency

for oxygen separation at small production rates. Systems using the Skarstrom PSA cycle

(described in Pressure Swing Adsorption by Douglas M. Ruthven et al., John Wiley &

Sons, Inc., 1994, hereinby incorporated by reference, Section 3.2.1) for medical oxygen

production are common examples of these small scale systems and are familiar to those

skilled in the art. These systems are known to consume about 350 watts of electrical

power to produce about 5 liters per minute of oxygen with about 90% purity.

The portable concentrators are battery powered to eliminate tethering utility cords

and similar power supply structures attached to the apparatus. Research efforts were

directed toward energy efficiency of the separation process. As previously noted,

pressure swing separation systems are known to offer the best energy efficiency for

oxygen separation at small production rates. Prior art oxygen separators were measured,

and the performance and behavior of one of these commonly used systems was analyzed-

the currently popular Invacare model IRC5LX (specifications available from

www.invacare.com). In this device, an electrically driven pneumatic compressor cycled

air from 1 to 3 atmospheres pressure, following the Skarstrom cycle steps, through two

columnar containers of adsorbent having high adsorption capacity for nitrogen and other

polar molecules. By measuring the pneumatic power of the pumped gas stream including

the power associated with the adiabatic heating of the pumped gas and comparing that to

the electrical power input to the pump, it was determined that much energy was being

lost to pump inefficiency. This finding was set aside, and research was focused on

exploring the power consumption aspects of the separation cycle steps.

There is a specific amount of theoretical power associated with pumping a stream

of gas through a given pressure difference as is required to operate a pressure swing

separation system. For example: ( 1 Liters/Minute flow rate) x ( 1 Atmosphere pressure

rise) = .592 watts of power. Adiabatic heating of this gas stream consumes additional

power in watts. Reducing the pressure change or the flow rate of the pumped gas stream

needed to drive the separation cycle steps would therefore directly reduce the power

required to produce a given amount of oxygen. Research and testing was done to



determine the minimum pump pressure and flow rates to produce a given oxygen

separation rate.

SUMMARY

An apparatus for separation of gases from ambient air is disclosed. The

apparatus has at least one separation column with an inlet at a first end and an outlet at a

second end, a buffer column having a single inlet at a first end, a vacuum pump, and a

valve system that connects the vacuum pump to the inlet at the first end of the separation

column, and that connects the outlet at the second end of the separation column to the

single inlet at the first end of the buffer column.

In a second embodiment, a method of using a gas separator to separate ambient

air to obtain a stream of gas containing at least 86% oxygen is disclosed. The method

has the steps of: 1) feeding adjacent ambient air at about 1 atm into a first end of a

separation column filled with the adsorbent; 2) drawing oxygen rich gas from a second

end of the column; 3) evacuating waste gas from the first end of the column through a

vacuum pump to a pressure of less than 1 atm; and 4) repeating steps 1 through 3 . The

separator containing less than 500cc of an adsorbent with an isotherm defining its

nitrogen capacity as a function of nitrogen partial pressure to selectively remove nitrogen

from ambient air that results in oxygen rich air being produced.

In another embodiment, an apparatus for separation of gases from ambient air has

at least one separation column, the separation column containing an inlet at a first end

and an outlet at a second end, wherein the column comprises an adsorbent having a high

capacity for nitrogen adsorption. The apparatus also has buffer column having a single

inlet at a first end, wherein the buffer column comprises an adsorbent having a high

capacity for nitrogen adsorption, and a valve system that connects the separation column

and buffer column.

In another embodiment, a method of separating ambient air to obtain a stream of

oxygen rich gas is disclosed. A separation column is evacuated to a first pressure

through a feed end of a column, and a flow of gas is metered from a last in/first out

(LIFO) buffer column into a product end of the separation column while continuing to

evacuate the column to a second pressure. Evacuation of the column is stopped while

continuing the flow of gas from the LIFO buffer column at a second flow rate until a

third pressure is reached in the separation column. The separation column is pressurized

with ambient air through the feed end to a pressure of about 1 atm, and air is fed into the



feed end of the column while drawing an oxygen rich gas from the product end of the

separation column. These steps are then repeated.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic view of an oxygen separator utilizing a single adsorption

column.

Fig. 2 is a graph of the isotherms of two adsorbents.

Fig. 3 is a schematic view of an oxygen separator utilizing three identical

adsorption columns.

Fig. 4 is a schematic view of an oxygen separator utilizing two adsorption

columns with a last in/first out buffer column.

DETAILED DESCRIPTION

The separation apparatus described herein was developed for use in an oxygen

concentrator that provides portable supplementary oxygen to patients with lowered blood

oxygen levels. The concentrator is much lighter, smaller and more energy efficient than

prior art devices, and is small enough so that the apparatus can be conveniently worn by

a patient as they move about rather than wheeled on a cart or carried like a piece of

luggage. The separation components contributed directly to the unique portability

features of the concentrator. The apparatus can be scaled in size for higher or lower

oxygen separation rates using the unique design features to provide reduced size, weight

and power benefits for other applications. Configurations that used one, two and three

adsorption columns all using the same separation cycle steps were built and tested.

Research began by exploring the minimum pump pressure and flow rates with a

simple form of pressure swing separation system. The physical model in Figure 1 was

constructed and connected instrumentation to accurately measure gas pressures, flow

rates and compositions as it cycled through a sequence of separation steps. In Figure 1,

100 is a 1 inch (2.54 cm) diameter by 4 inch (10.16 cm) long cylinder (or column)

packed with adsorbent beads. Ambient air at approximately 1 atmosphere (101 kPa) can

flow into 100 at the feed end adjacent monitoring point 101 by way of solenoid valve

110 from port 120. Waste gas can be pumped from 100 at feed end 101 through valve

111 by vacuum pump 150 and vented to atmosphere through port 121. A gas stream

reduced in nitrogen can be pumped from 100 at product end 102 through check valve

112 by pump 151 and transferred to accumulator 160. The components in boxes 200 and

250 were not present during these first tests. Monitoring points 101 through 105 are

locales where instrumentation was attached to monitor pressure, flow, and composition



of the gas streams as the gas streams varied during cycle steps. Customized

instrumentation was developed that had a pressure response time of less than 1

millisecond, a flow rate response time of 10 milliseconds, and a composition response

time of less than 750 milliseconds. The customized instrumentation fed a digital storage

oscilloscope that could capture time variant measures of the parameters. The

instrumentation proved crucial to measuring and understanding the detailed behavior of

the experimental configurations.

The adsorbent materials useful for oxygen separation have an adsorption capacity

for nitrogen that is higher than the adsorption capacity for oxygen over a pressure range

of several atmospheres. These adsorbent materials are characterized by their isotherms.

Isotherms are graphs showing the amount of gas contained in a given mass of adsorbent

material as a function of pressure at a fixed temperature. The isotherms for nitrogen and

oxygen are of primary interest. Air is nearly 1% argon. The argon isotherms for these

adsorbents are nearly identical to the oxygen isotherms so the separation steps discussed

here relate to oxygen and argon as though they were the same. These isotherms for two

different adsorbents are shown in figure 2 .

The type 13X adsorbent is commonly used in small oxygen concentrators such as

the Invacare device that was tested. Another available adsorbent type is LiLSX.

Isotherms of LiLSX are plotted in Figure 2 with the 13X isotherms for comparison. As

shown in Figure 2, the ratio of nitrogen capacity to oxygen capacity is much higher for

the LiLSX than the 13X at 2 atmospheres pressure and below. The difference of the

adsorbents is even more pronounced at 1 atmosphere and below where the absolute

nitrogen capacity of the LiLSX is seen to be much higher than the 13X while the oxygen

capacities are similar between the two.

Thus, it was determined that using the LiLSX adsorbent could provide energy

savings over adsorbents such as 13X with lesser nitrogen to oxygen capacity ratios. Any

pressure driven oxygen separation sequence for separating oxygen from air must include

the minimum steps of increasing the pressure of an air stream while passing it through

the adsorbent to adsorb nitrogen, followed by decreasing the pressure to desorb the

nitrogen from the adsorbent and carry it away in a waste gas stream. The amount of

oxygen that can be separated from the air stream in one cycle increases with increased

amounts of nitrogen that can be adsorbed from that air stream. The nitrogen isotherms

indicate the amount of nitrogen that is adsorbed for a given pressure change. The higher

the slope of the nitrogen isotherm curve, the less pressure change is required to change



the amount of nitrogen adsorbed by a given mass of adsorbent. In Figure 2, to change

the amount of nitrogen held in a mass of 13X adsorbent by the amount Nl, a pressure

change P l is required. With the LiLSX adsorbent, an amount of nitrogen N2 in the

figure required pressure change P2. N2 is approximately equal to Nl, but P2 is only

about 1/3 the pressure change of Pl.

In a portable concentrator, pump 151 is providing the pneumatic power to

produce this pressure change. As described, pressure difference across the pump linearly

affects the pumping power input. Operating over a pressure range that spans a steep

segment of the nitrogen isotherm could allow a given volume of nitrogen to be cyclically

adsorbed and desorbed with relatively less power provided by the pump. In Figure 2, the

oxygen isotherms for the two adsorbents are more similar but the 13X oxygen isotherm

shows much more oxygen being adsorbed over the larger P l pressure range than the

LiLSX oxygen isotherm over the smaller P2 pressure range. More oxygen will be

adsorbed during the high pressure nitrogen adsorbing steps using the 13X adsorbent than

in the low pressure steps using the LiLSX adsorbent. The adsorbed oxygen subtracts

directly from the amount of product oxygen that can be produced. Using these two

effects in combination, more oxygen should be produced from the same amount of

nitrogen pumped over a smaller pressure range in a system using the LiLSX adsorbent

than from one using 13X. Utilizing LiLSX adsorbent in a portable concentrator system

will greatly reduce the pneumatic energy required to separate a given volume of oxygen.

The behavior of the LiLSX adsorbent (OXYSIV MDX from UOP LLC) was

explored in the steep section of its nitrogen isotherm in pressure ranges from 1

atmosphere (101 kPa) and below using the simplified test system of Figure 1 without

blocks 200 or 250. The system is commonly referred to as a vacuum swing type system.

The initial cycle steps considered were:

1. Evacuate the column 100 through the feed end adjacent point 101 to a vacuum

level V measured by a pressure sensor at point 102.

2 . Pressurize the column to 1 atmosphere with air through the feed end.

3 . Feed air through the feed end at near 1 atmosphere pressure at a constant flow

rate while pumping oxygen rich gas out the product end 102 into the accumulator 160.

The process is similar to the vacuum swing cycle from Ruthven et al., Section

3.2.4. An abrupt increase in the gas flow rate from the product end of the column

measured by a flow sensor at point 103 during step 3 marked the completion of nitrogen

adsorption in the column and the end of step 3 . At that point in time, the entire column



was at equilibrium with atmospheric nitrogen partial pressure of about 0.78 atmospheres

(79 kPa) and oxygen (including about 1% argon) at 0.22 atmospheres (22 kPa). The

cycle repeats with step 1 resetting the nitrogen equilibrium in the column to a lower level

according to the end vacuum level V. The low oxygen partial pressure throughout the

entire column at the end of step 3 left very little oxygen to be lost to the waste stream

during step 1.

By measuring the performance of this test system, how vacuum level V affected

the ratio of power consumed to oxygen produced by this cycle was determined. Rather

than considering the oxygen produced, the system was viewed as nitrogen eliminated

from the product stream. As the vacuum level V in step 1 was decreased (absolute

pressure lowered) the amount of nitrogen removed from the product stream during step 3

increased at an increasing rate for each additional decrement of V as predicted by the

nonlinear increasing slope of the nitrogen isotherm. Oxygen adsorption also occurred

according to the oxygen isotherm. Oxygen was then lost in the waste stream during step

1 as it was desorbed during the evacuation of the column. However, the oxygen

isotherm is nearly linear so there was a linear increase in the amount of lost oxygen with

decreased V while the amount of nitrogen removed increased at an increasing rate.

Stronger end vacuums therefore increased oxygen produced, due to larger volumes of

adsorbed nitrogen, at an increasing rate.

Another important performance factor is the purity of the product oxygen stream

and how it was affected by V. Industry standards required a design to produce oxygen

with a purity of 86% or higher. The product purity increased with reduced V (stronger

vacuum). Thus, the evacuate step 1 had to reduce the nitrogen partial pressure in the

column to less than 0.08 atmosphere (8.1 kPa) to produce the necessary oxygen purity

from the feed step 3 that would follow.

Strong vacuums, including those below 0.1 atmosphere (10 kPa) present

problems when considering the practical characteristics of vacuum pumps. The

volumetric efficiency of positive displacement vacuum pumps decreases in proportion to

the vacuum level being pumped. For example, at 0.1 atmospheres (10 kPa) an ideal

pump is only capable of 10% of its volumetric pumping capacity. In practice, even this

greatly reduced capacity cannot be realized due to some small volume remaining in the

displacement space at the end of a compression stroke in the pump. For example, if this

remaining volume were greater than 10% of the pump displacement stroke the pump

would have entirely stopped pumping before reaching the 0.1 atmosphere ( 1OkPa) end



vacuum. Because of this problem, requirements for oxygen purity and production rates

could not be satisfied with an existing vacuum pump small enough to be compatible with

portability goals if the pump had to operate at low vacuum. The evacuate step took so

much of the cycle time as it approached the low end vacuum V that the resulting oxygen

production rate became too slow.

Experiments with modifications to these simple separation steps were performed,

trying to obtain a result that could produce 86% oxygen purity with weaker (higher

pressure) vacuum levels. The product oxygen has a very low nitrogen partial pressure.

Feeding the product oxygen into the product end of the column during pressurize step 2

instead of air into the feed end should lower the equilibrium pressure for nitrogen in the

product end causing nitrogen to be desorbed from the product end and swept toward the

feed end of the column. No nitrogen is removed from the column by this step because

the feed end is closed. Nitrogen is just reorganized leaving less nitrogen adsorbed

toward the product end and more toward the feed end. During the feed step that follows,

more of the nitrogen in the product gas stream will be adsorbed as it passes through the

product end of the column due to the nitrogen equilibrium having been set to a lower

pressure by the oxygen pressurization. Higher product purity is obtained.

The aforementioned step was added to the test apparatus by adding the

components and connections in box 200 of Figure 1. Testing proved that oxygen could

then be produced with the desired purity using an end vacuum level as high as 0.3

atmospheres (30 kPa). The column was being evacuated to 0.3 atmospheres (30 kPa)

much faster than it was able to evacuate to the original 0.1 atmospheres (10 kPa). A

more practical vacuum pump with a weaker end vacuum could now be used to power the

cycle. However, significant additional time was now being spent due to a longer feed

step that recycled the oxygen used to pressurize the column back into the product oxygen

accumulator. The oxygen was being passed between accumulator 160 and the column in

steps 2 and 3 consuming extra cycle time. The system increased product oxygen purity

but did not produce additional oxygen product. The effective oxygen production rate

was reduced. Further experimentation revealed that by only partially pressurized the

column to about 0.6 atmospheres (61 kPa) with product oxygen through block 200

followed by rapidly pressurizing of the column the rest of the way to 1 atmosphere (101

kPa) with air at the feed end through valve 110, the system produces the same amount of

oxygen and purity as with total pressurization by oxygen. The modified system saves



time in the cycle with less pressurization oxygen to be passed between the accumulator

and the column.

The system with the improved version of the cycle was tested with the addition of

product oxygen fed into the product end of the column while the column was being

evacuated through the feed end. The addition of product oxygen into the feed end is

done in the prior art to improve product purity in pressure swing (above 1 atmosphere

(10IkPa)) systems using the Skarstrom cycle. When the improved system was tested, no

beneficial results were discerned. From the results, the following were postulated:

When a stream of air was fed through the modified adsorbent column previously

equilibrated at a lower partial pressure for nitrogen according to the level of V, a sharp

dividing line called the mass transfer zone (MTZ) developed and propagated through the

column in the direction of gas flow. The MTZ was undetectable by the test setup and the

attached instrumentation. The MTZ sharply segregated the gas compositions in the

column with the feed air gas composition on the feed side of the zone and the product

gas composition on the product side of the zone. The nitrogen was being adsorbed

within the narrow MTZ leaving the gas down stream of the MTZ partially stripped of

nitrogen. Unfortunately, the process could not be performed in reverse with the same

distinct segregation between the gas compositions. In the reverse process, oxygen rich

product gas would be fed into the product end of the column while evacuating nitrogen

rich gas out the feed end. The reverse process did cause a mass transfer as nitrogen was

desorbed from the column, but the mass transfer was not confined to a narrow zone. The

reverse mass transfer zone was broadly dispersed throughout the column and

immeasurable as a result of the shape and nonlinearity of the nitrogen isotherm curve

compared to the oxygen isotherm (Ruthven et al., Section 2.4.1). With no narrow zone

separating the product oxygen from the nitrogen rich gas in the column, the oxygen is

diffusing and much of the oxygen is swept to the feed end by the nitrogen rich gas flow

and is lost to the waste stream during the evacuation step. The loss of product oxygen

was determined to likely be offsetting any possible gains in the amount or purity of

product oxygen being separated in the tested system.

The use of this last process step was abandoned. The result was a process that

separated product oxygen with adequate purity within a relatively small absolute

pressure range of 0.3 to 1 atmosphere. This would significantly reduce pumping power

over that of typical pressure swing cycles operating in a higher pressure span well above

1 atmosphere. By running the feed step until the mass transfer zone was close to



breakthrough at the product end of the column, little product oxygen in the column is left

to be lost during the evacuation step. These factors produced the most product oxygen

volume from the feed step for the volume of gas pumped from the column during the

evacuate step. Minimizing both the pressure range and the volume of gas to be pumped

for a given amount of oxygen produced, in this way, required a uniquely small amount of

pneumatic power from the pump to drive the separation steps.

Another apparatus, shown in Figure 3, was built to test physical scale

implementations of the aforementioned separation cycle. In Figure 3 the components

100 through 200 are included and perform the same steps in the same way as in Figure 1

copied three times labeled lOOA-lOOC through 200A-200C. The cycle steps were

grouped into a sequence of three equal time intervals forming a three phase cycle. The

first phase evacuated the column from 1 atmosphere (101 kPa) to 0.3 atmospheres (30

kPa) through the feed end. The second phase pressurized the column to 0.6 atmospheres

(61 kPa) with product oxygen through the product end, and then pressurized the column

to 1 atmosphere (101 kPa) with air through the feed end. The third phase fed air at 1

atmosphere (101 kPa) through the feed end and vented product oxygen from the product

end. Three columns were connected with tubing, valves and a vacuum pump so that

each column cycled through these three phases. Each column was offset in time from

the other two by one phase step. This way, at any instant in time, there was always one

column being evacuated allowing the pump to run continuously allowing full use of the

available pumping capacity. One column was always venting product oxygen providing

a somewhat continuous oxygen stream. The configuration was implemented and tested

for oxygen production volume and purity with a variety of different valve schemes.

Sequencer controlled electric solenoid valves, motor driven rotary valves, and pressure

driven poppet valves in various combinations were tested. All tested valves worked to

produce the desired cycle steps, but there was a reduction in the purity and quantity of

product oxygen produced by one of the examples. Determining the cause of the reduced

performance in the one flawed version led to the eventual understanding of the problem,

which led to an important improvement in the cycle steps.

During the pressurize phase for each column, oxygen was fed into the product

end of that column bringing the pressure to about 0.6 atmosphere (61 kPa). The oxygen

was being produced by one of the other two columns during its feed phase offset in time

to be concurrent with the column being pressurized. For example, column IOOA in its

feed phase would pass oxygen to IOOB in its concurrent pressurize phase to pressurize it



through 200A. Roughly half of the oxygen volume transferred from the column in the

feed phase is used to pressurize the other column. The remaining half of the oxygen

from the column in the feed phase is removed as product by pump 151 through the check

valves into the accumulator 160. The earliest half of the oxygen stream out of the feed

column was used to pressurize the other column. These and the single column in Figure

1 all performed well. However, due to a small difference in its valve scheme, the poorly

performing implementation happened to be using the last half of this oxygen stream

rather than the first half to pressurize the other column. The later part of the stream was

slightly less pure than the first part. This seemingly small difference was determined to

be the cause of the significant performance reduction of that implementation. Correcting

this to use the first half of the product stream for pressurization eliminated the

performance deficit thus proving the effect.

As disclosed, the system was able to beneficially increase the end pressure of the

evacuate step and still maintain purity of the product by partially pressurizing the

evacuated column with product oxygen. The partial pressure of nitrogen in the product

end of the column after the phase 2 pressurization steps sets the partial pressure for

nitrogen in the beginning of the phase 3 oxygen stream due to equilibrium between the

gas stream and the adsorbent. Nitrogen is adsorbed in the column as the product stream

flows and some of the nitrogen is being adsorbed in the product end. As nitrogen is

adsorbed the equilibrium point for nitrogen in the product stream moves toward

progressively higher partial pressures causing a gradual rise in the nitrogen content of the

product stream above the initial level as the feed progresses toward breakthrough of the

mass transfer zone. Establishing a lower equilibrium level for nitrogen at the product

end of the column therefore lowers the nitrogen level of the entire product stream due to

its lower initial level. This is set by the nitrogen partial pressure of the last pressurizing

gas to pass through the product end of the column being pressurized. The first part of the

oxygen rich stream out of that column during the next feed step therefore has the least

nitrogen and the last out has the most. When used to pressurize a column, for best

performance, the more pure first oxygen out of the feeding column should be the last gas

into the column being pressurized. That means the product gas stream should be

buffered and its entire composition order reversed before being used to pressurize a

column. The configurations that had worked best during tests did not reverse the entire

order of the gas stream, but at least was a step in the right direction since the system used



the first approximate half of the product stream to pressurize rather than the last half as

with the configuration that performed poorly.

A way to implement a last in first out buffer for the product gas was discovered

that could be used to perform the order reversal. An additional column filled with

LiLSX adsorbent having only a single port at one end was utilized. As gas flowed into

this buffer column, oxygen was least adsorbed and traveled the farthest down the

column. Nitrogen was strongly adsorbed and was captured by the adsorbent closest to

the inlet. As gas was removed from this column, the nitrogen close to the inlet (now

acting as an outlet) flowed out early due to its proximity to the outlet and the desorbing

effect of the lower nitrogen content gas flowing behind it from farther into the column.

The benefit of this last in/first out (LIFO) gas buffer was tested on the separation cycle

by first integrating the LIFO into the earlier single column test apparatus of Figure 1.

Block 200 was removed from Figure 1 and replaced it with block 250. This includes

LIFO column 251 equal in volume to separation column 100. Also, valve 252 provided

a controllable connection between the LIFO and the product end 102 of the separation

column 100.

The test apparatus was modified to revisit and more thoroughly explore different

combinations of product gas feed rates, timing, and pressures fed into the product end of

the column during the evacuate step. It was expected that there should be some

(probably small) amount of product oxygen gas that, if controlled carefully, should also

help reduce the partial pressure of nitrogen toward the product end of the column before

the oxygen in that gas had time to diffuse to the feed end and be wasted during evacuate.

This was tested through variable flow restrictor 254 with timing controlled by valve 253

linking the product end of 100 to the LIFO 251.

The test apparatus valves were controlled to performed the following sequence of

steps:

1. Begin evacuating the column through the feed end 101.

2 . At an adjustable evacuate pressure threshold, measured at 102, begin an

adjustable low flow rate of product oxygen into the product end 102 from the LIFO 251

through valve 253 and restrictor 254.

3 . Stop evacuating and continue to flow product oxygen more rapidly by opening

valve 252 from the LIFO into the product end pressurizing the column to an adjustable

level measured at 102.



4 . Finish pressurizing the column with air through the feed end 101 to ambient

atmosphere.

5 . Feed air into the feed end of the column 101 through 110 while pulling oxygen

out of the product end 102 to refill the LIFO 251 through 252 until it is at 1 atmosphere

pressure.

6 . Continue feeding air and removing product oxygen from the product end of the

column through 112 and pump 151 into the accumulator 160 until the mass transfer zone

is near breakthrough.

A process to discover the best combination of pressure, flow, and timing settings

during steps 2 and 3 was performed. The best combination was found to include a very

low oxygen flow rate into the product end of the column from the LIFO during only the

last part of the evacuate step. The specific flows and pressures are specific to the size

and shape of the separation column and need to be found experimentally for different

column geometries.

The first gas out of the LIFO that fed into the product end of the column toward

the end of evacuate during step 2 had the highest nitrogen content. The last gas out of

the LIFO entered the column at the end of the pressurization during step 3 and had the

lowest nitrogen content. This resulted in the column, at the end of pressurization step 4,

continuously ordered with nitrogen partial pressure equilibriums highest at the feed end

of the column and very low at the product end. Oxygen partial pressures were ordered in

the opposite direction so the sum of the two partial pressures was 1 atmosphere (101

kPa) throughout the column. With this, oxygen purity 86% and higher were obtained

with end vacuums as high as 0.5 atmospheres (51 kPa). This is a vacuum swing of only

0.5 atmospheres (51 kPa) compared to a pressure swing of 2 atmospheres (203 kPa) for

the typical Skarstrom PSA cycle. A very significant reduction in pneumatic power

resulted. Also, the relatively weak vacuums can be achieved rapidly by a smaller and

more practical vacuum pump thus shortening the evacuate step and the total cycle time

for a given amount of oxygen produced.

Using these separation cycle steps, the design shown in Figure 4 was constructed

for a portable oxygen concentrator. The portable system is configured with two

separation columns 400 and 401 to allow some overlapping of concurrent cycle steps,

and one LIFO buffer 402 that was shared during the cycle steps occurring in the two

columns.



In Figure 4 cycle step 1 is first performed on column 400. With valves 410 and

411 positioned as illustrated, variable rate vacuum pump 420 evacuates column 400 from

the feed end pulling gas through valves 410 and 411 then passing the gas from pump 420

back through valve 411 as shown and out port 430 to atmosphere. Valves 413, 415, and

417 are closed.

Step 2 begins on column 400 when the vacuum level in column 400 reaches a

selected threshold measured at monitoring point 440. Valve with flow restrictor 415 is

opened to establish a controlled flow of oxygen rich gas from the LIFO 402 into the

product end of column 400 while the evacuation of column 400 that began in step 1

continues. Step 2 is ended after a selected amount of time.

Step 3 begins on column 400 with valve 411 switched to the opposite state

halting evacuate of column 400. Valve 413 is opened allowing a more rapid flow of

oxygen from the LIFO 402 into column 400 pressurizing it to about 0.6 atmospheres (61

kPa).

Step 4 begins with valve 410 switched to the opposite state providing a path for

ambient air through port 430, check valve 412 and valve 410 into the feed end of column

400 pressurizing it to 1 atmosphere (101 kPa). Valves 413, 415, and 417 are all closed

during step 4 .

Step 5 refills LIFO 402, which was left at a partial vacuum after transferring gas

to pressurize column 400 in step 3 . Valve 413 is opened drawing oxygen rich gas from

column 400 into LIFO 402 until it reaches 1 atmosphere (101 kPa). Column 400

remains at 1 atmosphere (101 kPa) throughout this step with the path to its feed end still

open to ambient air as in step 4 . All activity is stopped after step 5 waiting for a patient

with a nose cannula (not illustrated) connected to port 431 to begin a breath inhalation.

Step 6 begins when the patient inhales with valves 413 and 415 closed and 410

and 411 in the opposite state shown. The vacuum pump 420 starts immediately drawing

air from ambient at port 430, through valve 411 and into the inlet of pump 420. That air

is pumped through vacuum pump 420 and back through the other path in valve 411,

through valve 410 and into the feed end of column 400. The pressure in column 400 is

slightly raised in this way until it is sufficient to open check valve 417 and vent product

oxygen out of port 431 to the nose cannula worn by the patient. Vacuum pump 420 is

controlled in its flow rate and pumping duration to deliver a pulse of oxygen rich gas to

the patient that is shaped in its flow rate and duration.



The steps outlined above are performed on column 400 or on 401 selected by the

state of valve 410. This toggles from one column to the other every patient inhalation.

Some cycle steps are overlapped and performed concurrently on the two columns to save

cycle time and to be able to keep up with a rapid breathing rate.

The portable oxygen concentrator using this separation apparatus delivers oxygen

to a patient in pulses that are synchronized with the beginning of their breath inhalation.

This eliminates the waste of oxygen and associated energy that occurs during a patient's

exhalation or breath hold. The separation cycle is well suited to that requirement. In one

embodiment, the cycle is stopped and held at the end of each pressurization step until the

patient's inhalation began. The second half of the feed step is then rapidly completed

producing product oxygen within about 0.4 seconds with a small pressure rise above 1

atmosphere (101 kPa), just enough to pressurize the product oxygen to induce flow

through a short breathing cannula. While the patient continues through the breathing

cycle sequence of inhalation, exhalation, and breath hold, the next separation cycle steps

are being performed, through pressurization, and again held waiting for the next

inhalation. There is no need for any added oxygen storage or dispensing components.

Oxygen is separated and dispensed directly from the separation column, in real time,

through the cannula to the patient. All activity involved in the separation cycle,

including operation of the pump, is halted while waiting for the next inhalation. This

provides additional energy savings, important in the portable application.

The oxygen flow pulses need to be variable in volume to match the specific needs

of each patient. This separation cycle is suited to that requirement. The amount of

oxygen produced in one feed step of the cycle is variable in accordance with the end

vacuum level. Lower end evacuate pressures produced larger volumes of oxygen during

each feed. Higher end vacuums produced smaller volumes while the oxygen

pressurization of the columns from the LIFO buffer maintained adequate oxygen purity

by always keeping the product end of the columns at a low nitrogen partial pressure.

Higher end evacuate pressures require less pump energy and allowed faster evacuations

and a greater fraction of time spent with the cycle on hold. This produces energy savings

when reduced oxygen volumes are selected.

Minimizing the work load on the pump in these ways reduces the peak pumping

requirements and therefore generally reduces the size and weight of the vacuum pump.

Using an adsorbent with a steep nitrogen isotherm and cycling it below 1 atmosphere

where it is the steepest allows adsorbent columns with less size and weight for a given



nitrogen capacity. Smaller than normal amounts of oxygen are lost to the waste stream

during the evacuate step due in combination to the low oxygen adsorption capacity of the

adsorbent in the vacuum range, the cycle that passes little oxygen from the product end

to the waste stream of the column during evacuate, and little oxygen left in the column at

the end of feed due to operation near breakthrough of the mass transfer zone. This all

contributes to a high oxygen recovery rate for the cycle and therefore less waste stream

flow created for a given oxygen product flow. Smaller scale pump, valves, and

connecting components can be used to handle this reduced evacuated waste stream.

A portable medical oxygen concentrator using this separation apparatus with a

custom designed high efficiency vacuum pump separates oxygen while consuming 12.7

watts per liter per minute of 88% pure oxygen. The portable concentrator weighs 2.5

pounds per liter per minute fully packaged. For comparison, the Invacare concentrator

that was tested and utilizes the Skarstrom pressure swing cycle consumed 70 watts per

liter per minute and weighs 10.4 pounds per liter per minute.

While the invention has been described with reference to an exemplary

embodiment(s) it will be understood by those skilled in the art that various changes may

be made and equivalents may be substituted for elements thereof without departing from

the scope of the invention. In addition, many modifications may be made to adapt a

particular situation or material to the teachings of the invention without departing from

the essential scope thereof. Therefore, it is intended that the invention not be limited to

the particular embodiment(s) disclosed, but that the invention will include all

embodiments falling within the scope of the appended claims.



CLAIMS:

1. An apparatus for separation of gases from ambient air, the apparatus comprising:

at least one separation column, the separation column containing an inlet at a first

end and an outlet at a second end;

a buffer column having a single inlet at a first end;

a vacuum pump;

a valve system that connects the vacuum pump to the inlet at the first end of

the separation column and that connects the outlet at the second end of

separation column to the single inlet at the first end of the buffer column.

2 . The apparatus of claim 1 wherein the separation columns and buffer column

contain an adsorbent having a total combined volume of less than 500cc.

3 . The apparatus of claim 1 wherein the vacuum pump operates at a pressure of

about 0.08 atm to about 1.0 atm.

4 . The apparatus of claim 1 further comprising:

a battery pack connected to the separator for providing power to operate the

separator and valve system.

5 . The apparatus of claim 1 further comprising a plurality of separations columns,

each of the columns containing an inlet at a first end and an outlet at a second end, and

wherein the valve system connects the vacuum pump to the inlet at the first end of each

of the plurality of separation columns, and that connects the outlet at the second end of

each of the plurality of separation column to the single inlet at the first end of the buffer

column.

6 . A method of using a gas separator to separate ambient air to obtain a stream of

gas containing at least 86% oxygen, the method comprising the steps:

1) feeding adjacent ambient air at about 1 atm into a first end of a separation

column filled with the adsorbent;

2) drawing oxygen rich gas from a second end of the column;

3) evacuating waste gas from the first end of the column through a vacuum pump

to a pressure of less than 1 atm;

4) repeating steps 1 through 3;

wherein the separator containing less than 500cc of an adsorbent with an

isotherm defining its nitrogen capacity as a function of nitrogen partial

pressure to selectively remove nitrogen from ambient air that results in

oxygen rich air being produced.



7 . The method of claim 6 wherein the method is performed by a portable gas

separator that is battery operated.

8. The method of claim 6 further wherein step 3 is results in a pressure about .08

atm at the end of the evacuation of the waste gas.

9 . The method of claim 6 wherein as the pressure reached about .3 atm during the

evacuating waste gas step, the column is pressurized with oxygen rich gas through the

second end to about .6 atm, followed by a pressurization of the column with ambient air

through the first end to obtain a column pressure of about 1 atm.

10. The method of claim 9 wherein the separation column is pressurized with oxygen

rich gas that is flowing from the second end of the column during the feeding step.

11. The method of claim 9 wherein the column is pressurized with oxygen rich gas

after the oxygen purity of the oxygen rich gas has been ordered in the column such that

the more pure oxygen rich gas from the second end is the last fluid to enter the column

during pressurization of the column during the feed step, and the less pure oxygen rich

gas from the second end of the column is the first to enter the column during

pressurization.

12. The method of claim 11 wherein the ordering of the oxygen rich gas is performed

by utilizing a buffer column filled with an adsorbent having a high nitrogen capacity, the

buffer column containing an inlet port on a first end of the column for controlling flow in

and out of the buffer column, and thus functioning as a last in/first out (LIFO) buffer for

the purity of a separated gas flowing in and out of the inlet port.

13. An apparatus for separation of gases from ambient air, the apparatus comprising:

at least one separation column, the separation column containing an inlet at a first

end and an outlet at a second end, wherein the column comprises an

adsorbent having a high capacity for nitrogen adsorption;

a buffer column having a single inlet at a first end, wherein the buffer column

comprises an adsorbent having a high capacity for nitrogen adsorption;

and

a valve system that connects the separation column and buffer column.

14. The apparatus of claim 13 further comprising a vacuum pump.

15. The apparatus of claim 13 wherein the adsorbent comprises an isotherm defining

the nitrogen capacity as a function of nitrogen partial pressure resulting in a substantially

curved lined starting with a steep slope at 0 atm that greatly decreases as pressure

increases to about 3 atm.



16. A method of separating ambient air to obtain a stream of oxygen rich gas, the

method comprising the steps:

1) evacuating a separation column to a first pressure through a feed end of a

column;

2 . metering a flow of gas from a last in/first out (LIFO) buffer column into a

product end of the separation column while continuing to evacuate the

column to a second pressure;

3 . stopping evacuation of the column while continuing the flow of gas from the

LIFO buffer column at a second flow rate until a third pressure is reached

in the separation column;

4 . pressurizing the separation column with ambient air through the feed end to a

pressure of about 1 atm; and

5 . feeding air into the feed end of the column while drawing an oxygen rich gas

from the product end of the separation column; and

6 . repeating steps 1 through 5 .

17. The method of claim 16 wherein step 5 further comprises:

transferring some of the oxygen rich gas to the LIFO buffer column until the

LIFO buffer column is pressurized to about 1 atm.

18. The method of claim 17 further comprising:

feeding air into the separation column while collecting the oxygen rich gas from

the product end of the column.

19. The method of claim 16 wherein the first, second, and third pressures are all less

than 1 atm.

20. The method of claim 16 wherein the second pressure is 0.5 atm or less.
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