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LAMINAR FLOW AIR COLLECTOR WITH SOLID SORBENT MATERIALS

FOR CAPTURING AMBIENT CO

The present invention in one aspect relates to removal of selected gases from the

atmosphere. The invention has particular utility in connection with the extraction of

carbon dioxide (CO2) from the atmosphere and subsequent sequestration of the extracted

Cθ 2θr conversion of the extracted CO to useful or benign products and will be

described in connection with such utilities, although other utilities are contemplated,

including the extraction, sequestration or conversion of other gases from the atmosphere

including NO and SO .

There is compelling evidence to suggest that there is a strong correlation between

the sharply increasing levels of atmospheric CO with a commensurate increase in global

surface temperatures. This effect is commonly known as Global Warming, and CO2 is

commonly called a "greenhouse gas". Of the various sources of the CO emissions,

there are a vast number o f small, widely distributed emitters that are impractical to

mitigate at the source. Additionally, large scale emitters such as hydrocarbon-fueled

power plants are not fully protected from exhausting CO into the atmosphere.

Combined, these major sources, as well as others, have lead to the creation of a sharply

increasing rate of atmospheric CO concentration. Until all emitters are corrected at their

source, other technologies are required to capture the increasing, albeit relatively low,

background levels of atmospheric CO2. Efforts are underway to augment existing

emissions reducing technologies as well as the development of new and novel techniques

for the direct capture of ambient CO2. These efforts require methodologies to manage

the resulting concentrated waste streams OfCO in such a manner as to prevent its

reintroduction to the atmosphere.

The production o f CO2 occurs in a variety of industrial applications such as the

generation of electricity power plants from coal and in the use of hydrocarbons that are

typically the main components of fuels that are combusted in combustion devices, such

as engines. Exhaust gas discharged from such combustion devices contains CO2 gas,

which at present is simply released to the atmosphere. However, as greenhouse gas

concerns mount, CO2 emissions from all sources will have to be curtailed. For mobile

sources the best option is likely to be the collection of CO2 directly from the air rather

than from the mobile combustion device in a car or an airplane. The advantage of

removing CO2 from air is that it eliminates the need for storing CO2 on the mobile

device.



Extracting carbon dioxide (CO2) from ambient air would make it possible to use

carbon-based fuels and deal with the associated greenhouse gas emissions after the fact.

Since CO is neither poisonous nor harmful in parts per million quantities, but creates

environmental problems simply by accumulating in the atmosphere, it is possible to

remove CO from air in order to compensate for equally sized emissions elsewhere and

at different times.

Various methods and apparatus have been developed for removing CO from air.

In one prior art method, air is washed with a sorbent such as an alkaline solution in tanks

filled with what are referred to as Raschig rings that maximize the mixing of the gas and

liquid. The CO reacts with and is captured by the sorbent. For the elimination of small

amounts of CO2, gel absorbers also have been used. Although these methods are

efficient in removing CO2, they have a serious disadvantage in that for them to

efficiently remove carbon dioxide from the air; the air must be driven past the sorbent at

fairly high pressures. The most daunting challenge for any technology to scrub

significant amounts of low concentration CO from the air involves processing vast

amounts of air and concentrating the CO without generating an excess of additional CO

in the process. For example, relatively high pressure losses occur during the scrubbing

process resulting in a large expense of energy necessary to compress the air. This

additional energy used in compressing the air can have an unfavorable effect with regard

to the overall carbon dioxide balance of the process, as the energy required for increasing

the air pressure may produce its own CO2 that may exceed the amount captured negating

the value of the process.

Prior art methods result in the inefficient capture of CO2 from air because these

prior art methods heat or cool the air, or change the pressure of the air by substantial

amounts. As a result, the net reduction in CO2 is negligible as the cleaning process may

introduce CO2 into the atmosphere as a byproduct of the generation of electricity used to

power the process.

For example, the art has proposed various schemes for removal of CO2 from

combustion exhaust gases or directly from the air by subjecting the gases or air to a

pressure swing or a thermal swing using a CO2 adsorbent. These processes use pressure

or temperature changes, respectively, to change the state of the sorbent material, whereby

to release the CO2. See, for example, U.S. Pat. No. 5,318,758; U.S. Pat. No. 5,914,455;

U.S. Pat. No. 5,980,61 1; and U.S. Pat. No. 6,1 17,404.



None of these prior art references, however, provides an adequately efficient

process for the removal o f CO2, primarily due to the amount of energy expended in CO2

recovery and sorbent regeneration.

The present disclosure improves upon the prior art by providing an apparatus and

method for extracting carbon dioxide (CO2) from an air stream using a solid sorbent

material and for recovering that C02 using a variety of advantageous features that will

be discussed below,

A first aspect of the present invention provides a system, i.e., method and

apparatus for extracting carbon dioxide (CO2) from ambient air, using a laminar

scrubbing system formed of or supporting solid sorbent materials. The laminar

scrubbing system is comprised of a plurality of air collection surfaces that may be

formed of a solid sorbent material or formed of a substrate wherein a sorbent is deposited

as a film on the surface o f the substrate. Several advantageous configurations of air

collector elements are disclosed. The collection surfaces may be roughened by regular or

random methods. Other elements may be included for directing the air stream or for

steering the laminar scrubber relative to the direction of the air stream.

Another aspect o f the present disclosure provides various designs using solid ion

exchange materials for C O capture, More particularly, in accordance with the present

invention, thin strips of solid ion exchange material are attached together to a wire core

in the form of a "bottlebrush" like structure. The strips may be formed, for example, by

extrusion or spinning, or cut or slit from a preformed sheet. The strips should be flexible

or resiliently deformable. In order to maximize surface area while still maintaining

sufficient physical integrity, the strips should be elongated and relatively thin, typically 3

- 8 cm ( 1.181 - 3.15 inches) long, and about 1 mm (about 0.03937 inch) thick by about 1

mm (about 0.03937 inch) wide. The strips are held together by a wire core, i.e., similar

to a conventional twisted wire bottle brush construction.

Yet another aspect of the present disclosure provides an apparatus for extracting

carbon dioxide (CO2) from ambient air that can be factory-built and shipped essentially

fully functional to a site. More particularly, the present invention provides a fully

contained air-capture device scaled to fit to a standard 40-foot shipping container, or on a

flatbed truck, or on wheeled dollies for overland, i.e. highway delivery. Providing an

essentially fully functional factory-built system scaled for conventional shipping will

provide economies of scale permitting wide-spread adoption of air capture devices so

that they may be deployed adjacent a facility where the extracted CO may be used in a



secondary process as described, for example, in our co-pending U.S. Patent Application

Serial No. 12/389,213 (Attorney's Docket Global 08.04-P). Alternatively, a large

number of air capture devices may be assembled in an air-capture park and, if desired,

plumbed together to permit efficient handling of sorbent washes, concentration OfCO

product, etc., e.g. as described in our PCT Application Serial No. PCT/US08/60672. The

extraction of carbon dioxide from the air may be accomplished by using one of a number

of methods such as disclosed in our aforesaid PCT Application Nos. PCT/US05/29979,

PCT/US06/02938 and PCT/US07/80229, as well as other extraction processes described

in the literature and patent art. See also the co-pending U.S. Patent Application Serial

No. 12/389,213, commonly owned and incorporated by reference herein.

Another aspect of the present disclosure is concerned with technical

improvements and alternative designs for previously disclosed devices, processes and

methods designed to capture carbon dioxide from the atmosphere comprising a CO

selective sorbent that can be regenerated by providing water, humidity or low grade

steam with temperatures that can be well below 10O0C (2120F).

The present aspect improves on the prior art by providing a carbon dioxide (CO2)

capture method comprising transferring moisture from one charge of water-swing based

CO sorbent to another charge, by causing water vapor to flow from the first chamber

filled with partially or fully CO depleted sorbent to the second chamber filled with

partially or fully CO loaded sorbent, wherein the existing water vapor pressure gradient

drives a spontaneous flow from the first to second chamber until a substantial

equilibrium between the chambers is reached, whereupon the remaining water vapor is

compelled to flow from the first chamber to the second chamber by a mechanical means

such as a pump.

Another aspect of the present invention provides an apparatus including a

plurality of chambers connected by a network of pipes and valves, wherein any of the

plurality of chambers may function as the first chamber in the method described herein

for transferring water or water vapor from a first chamber containing a carbon dioxide

depleted sorbent to a second chamber containing a carbon dioxide saturated sorbent.

The disclosure provides a method for regenerating a water-swing based carbon

dioxide sorbent as described above, wherein water is added to the second chamber prior

to the transfer of water vapor, effectively expelling air from the second chamber.

Alternatively, this aspect of the present disclosure provides a method for recovering

carbon dioxide from a water-swing based sorbent, comprises immersing the carbon



dioxide saturated sorbent contained in a first chamber in water, releasing the carbon

dioxide from the sorbent, and pumping the water containing carbon dioxide to a second

chamber containing sorbent saturated with carbon dioxide.

Further features and advantages of the present invention will be seen from the

following detailed description, taken in conjunction with the accompanying drawings,

wherein:

Fig. 1 illustrates a CO2 extractor as described in a commonly-owned, co-pending

application;

Fig. 2 is a schematic view of a CO2 extractor in accordance with a first

embodiment of the present invention;

Fig. 3 is a flow diagram illustrating the overall process in accordance with a first

embodiment of the present invention;

Figs. 4A-4F are side elevation views illustrating embodiments of laminar

collectors in accordance with the present invention.

Fig. 5 is a drawing depicting a bottle brush design CO2 air capture device made in

accordance with another aspect of the present invention;

Fig. 6 is a detailed view showing details of the bottle brush air capture device of

Fig. 5;

Fig. 7 is a drawing depicting the bottle brush air capture device of Fig. 5

deployed within a transparent tube;

Fig. 8 is a perspective schematic view of a CO2 capture system incorporating

bottle brush CO2 capture devices in accordance with one embodiment of the present

invention;

Fig. 9 is a block flow diagram illustrating a process of using a bottle brush shaped

CO2 air capture device in accordance with the present invention.

Fig. 10 is a perspective view of a fully integrated air-capture device in accordance

with another aspect of the present disclosure;

Fig. 11 is a perspective view showing details of an air-exchange unit of Fig. 10;

Fig. 12 is a schematic showing a generalized system for capturing CO2 in

accordance with one aspect of the present disclosure;

Fig. 13A is a schematic showing an ion exchange process for capturing CO2 in

accordance with another aspect of the present disclosure;

Fig. 13B is a schematic showing an ion exchange process for capturing CO2

where valves are used to control flow between chambers;



Fig. 14 is a schematic showing an ion exchange process for capturing CO

employing activated carbon in accordance with another aspect of the present disclosure;

Fig. 15 is a schematic of an apparatus of the present disclosure having an

electrodialysis cell according to another aspect of the present invention; and

Fig. 16 is a schematic showing a system for capturing CO in accordance with

one aspect of the present disclosure wherein the CO capture device works in tandem

with an industrial process to create an essentially carbon neutral system.

In the following description, reference is made to the accompanying drawings,

which form a part hereof, and in which is shown, by way of illustration, various

embodiments of the present disclosure. It is understood that other embodiments may be

utilized and changes may be made without departing from the scope of the present

invention.

Co-pending U.S. Application Serial No. 11/209,962, filed August 22, 2005, U.S.

Publication No. U.S. 2006-05 1274-A1, commonly owned and incorporated herein by

reference, discloses an air capture device designed to remove CO2 from air flow having a

low-pressure gradient. Referring to FIG. 1, the air capture device includes an air

scrubber unit that consists of a wind collector 10 having a plurality of sheets 5 covered

with a downward flowing sorbent, individual pairs of sheets forming a lamella, the

lamella being defined as two of the plurality of sheets and the thin airspace bound

between them, and a liquid sump 12. The two sheets forming the individual lamellae are

preferably separated by spacers 4 laced between the sheets on thru-rods 2 supported by a

rigid frame 1. Alternatively, the sheets may be supported in spaced relation by other

devices, such as for example a plurality of spacers adhered to the sheets without the use

of a thru-rod.

A liquid sorbent material is applied to the sheets using, e.g., spray nozzles or

liquid extrusion, for example from corrugated tubing (not shown) fed from a header, and

flows down the sheets, while the airflow passes between the thin airspace between the

sheets. The contact between the air and the liquid sorbent material causes a chemical

reaction that removes CO . Alternatively, a liquid sorbent could be applied to the sheet

vertical surfaces near the top, the sorbent is drawn downward by gravity over the

surfaces to cover entire area of the sheets.

The basic unit of the wind collector is a single lamella which is a thin air space

bounded by two liquid sorbent covered sheets. In the design shown in FIG. 1, the sheets

are flat. The sheets may also be curved, but it is preferred that the path of the air passing



through the lamellae is largely uninhibited, i.e. the sheets curve in the direction normal to

the wind flow. This design feature minimizes the amount of pressure drop in the system.

Each air scrubber device includes a means of distributing the liquid sorbent on the sheets

of the lamella and recapturing the spent sorbent.

The pressure gradients for moving the airflow across the lamella are such that

they could be generated by natural airflows, e.g. wind, or engineered updrafts from

thermal gradients. High wind speeds are not ideal as higher speeds lead to higher rates

of energy dissipation. Slow airflow speeds maximize air contact time with the liquid

sorbent material on the lamella while minimizing the loss of kinetic energy in the system.

Thus, airflow velocities through the scrubber unit may range from virtually stagnant to a

few tens of meters per second. A preferred range would be from 0.5 to 15 m/s (1.64 to

49.21 feet/second) an optimal range for wind driven systems ranges from 1 to 6 m/sec

(3.281 to 19.69 feet/second). Pressure drops across the unit range from nearly zero to a

few hundreds of Pascal, a preferred range is from 1to 30 Pa and an optimal range may

be from 3 to 20 Pa. However, fans either with or without ductwork to guide the air and

convection also could be used to move the air.

Practically, the flow speed of the airflow through the collector may be a

substantial fraction of the typical wind speed. The choice of collector geometries may

reduce the flow speed somewhat, but those enhancements typically will be factors of

two, as opposed to orders of magnitude.

Our previous disclosure provided several exemplary designs for lamella

geometries, including the following:

■ Flat rectangular sheets or plates that are aligned parallel to each other, as

shown in FIG. 1.

■ Corrugated sheets that are lined up parallel to each other, with surfaces

straight in the direction of air flow.

■ Flat disks rotating around a center axis with the air flowing at right angle

to the axis of rotation. Liquid sorbent could be applied by dipping the

disks into a liquid sorbent sump near the bottom of the circular motion.

The liquid sorbent in the sump may only cover the outer rim of the disks

or reach all the way to the axle. Alternatively liquid sorbent may be

injected onto the rim by liquid wetting near the axle and flowing around

the disk due to gravity and rotary motion.



■ Concentric tubes or similar shapes where air is blown along the tube axis.

Such tubes could be arranged vertically for counterflow designs with

liquid sorbent wetting initiated at the upper rim, or nearly arranged

horizontally with liquid sorbent entering at one end and one point and

distributed through a slow rotating motion of the tubes.

While the air scrubbing units described in afore-mentioned commonly owned

'962 application have been demonstrated to efficiently remove ambient CO2, the

requirement to continuously wet the sheets with a liquid sorbent adds to the cost and

complexity of the system.

One aspect of the present disclosure provides an improvement over the laminar

flow air collector such as described in our aforesaid '962 application by eliminating the

need for liquid sorbent, and using in place thereof solid materials to absorb CO2 and that

can then be induced to release the absorbed CO2.

Referring to Figs. 2 and 3, the present disclosure provides a CO capture device

comprising a laminar or near laminar air scrubber in which the laminar structure 11 is

formed, at least in part, of solid functional ized anion exchange materials. The laminar

structure 11 may be formed from sheets 13 of solid anion exchange material such as

fictionalized polystyrene or the like, or the laminar structure may comprise sheets of

inert substrate material supporting solid anion exchange material. One commercially

available material useful in air capture according to our disclosure is an anion exchange

membrane material available from Snowpure, LLC, San Clemente, California. The

manufacturer describes this material as compromising crushed anionic exchange resin

mixed in a polypropylene matrix and extruded as a sheet according to the teachings of

U.S. Patent Nos. 6,503,957 and 6,716,888. The solid anion exchange polymer also

maybe formed into cells or coated on surfaces of a support material formed into cells that

provides certain critical capture performance requirements as will be described below.

Alternatively, the solid CO2 sorbent may comprise materials such as Zeolite,

activated carbon, activated alumina, solid amines and other materials capable of physical

or chemical absorption of CO molecules. In yet other embodiments, the solid materials

for absorbing CO2 may comprise solid ion-conductive materials formed, for example,

according to the teachings of our co-pending U.S. Patent Application Serial No.

12/389,216, filed February 19, 2009.

Referring to Figs. 4A-4F, the solid surface sorbent materials may take various

forms. These may include sheets 20 formed, for example, of anion exchange membrane



material, such as the material available from Snowpure, held in a frame 22.

Alternatively, the CO absorbing layer may be coated or "painted" on a solid substrate

material which may be self supporting or supported on a frame, or formed as a film

covering a substrate material. In one embodiment, the collector plates may comprise

smooth essentially parallel plates. In another embodiment, the surfaces of the plates may

not be entirely flat, but may follow straight lines or nearly straight lines in the direction

of airflow. Alternative embodiments include constructions where the surfaces are

corrugated, or comprise a plurality of tubes 24 (FIG. 4B), angular shapes 26 akin to

harmonica mouth pieces (FIG. 4C), or any combination thereof, but with the airflow still

following a substantially straight line. In yet another embodiment, the surfaces may be

formed on a monolith structure such as a honeycomb or lattice structure having openings

in straight lines crossing a monoliths, or net, woven or non-woven material coated with

CO absorbing materials, or holding CO absorbing materials.

If desired, the collector surfaces may be slightly roughened in a regular or

random matter in order to increase total active surface area without materially affecting

laminar flow or substantially increasing resistance. For example, as seen in Fig. 4A the

collector surface may include various bumps 28, or may alternatively include various

grooves, dimples, fibrous and abrasive areas or other dendrites or other small structures

that are smaller than the flow channels and smaller than the diffusion boundary layer

thickness, but are large enough to contribute to total surface area. While the roughing

may increase Reynolds numbers the increase in total active surface area more than makes

up for the added resistance. Preferably, the increase in Reynolds number is kept small,

optimally less than about 100.

Alternatively, surface roughening may be accomplished by sand blasting,

grinding or other mechanical means, or by etching including chemical etching or high

energy etching, e.g., by ion bombardment. Surface roughening may also be

accomplished by foaming the sorbent material either throughout the body of the structure

or on the surface of the material. In yet another alternative, the solid material collector

surfaces may be formed of foam or foam like materials. In another embodiment of the

disclosure, the solid collector surfaces may be formed of porous materials such as

activated carbon.

The surface may be formed with various geometric shapes 26 to increase the

surface area exposed to the air stream (see FIG. 4C). The solid collector surfaces may

also be formed of coated foil or corrugated foil 34 or other thin films held taut by wires



30 or supported by taut wires or netting (FIG 4D). The solid collector surfaces may

comprise coated or corrugated foils 34 that are stacked and kept apart by spacers or by

bumps 32 on surfaces of the foils (FIG. 4E). Alternatively, the collector plates 36 are

formed of thin plates that are held together by lines or wires 38 similar to a Venetian

blind (Fig. 4F). The wires holding the plates may run parallel to airflow so as to

minimize turbulence.

Many other structural and functional features and operating parameters may be

incorporated into the scrubber. For example, it may be desirable to configure the

collector for horizontal airflow. For most of the designs disclosed herein, the average

spacing between individual sheets of the collector should be in the range of 0.3 cm to 3

cm (0. 1181 inches to 1.1 8 1 inches), and the flow path through the collector should be in

the range of 0.1 m to 3 m (0.3281 ft to 9.843 ft).

The collector may also be designed to operate at a specific airflow speed. For

example the airflow may be in the range of about 1m/s to 20 m/s (about 3.281 ft/s to

65.62 ft/s), or preferably between about 1 m/s and 10 m/s (about 3.281 ft/s to 32.81 ft/s),

and more preferably between about 0.1 m/s and 2 m/s (0.3281 ft/s to 6.562 ft/s). Flow

straighteners may be placed at the inlet and outlet of the collector or at transition points

within the collector to minimize losses from misalignment between the surfaces and the

instantaneous wind field air flows. Alternatively, the scrubber may include a control

device for either passively or actively steering the collector surfaces or the collector itself

so that the surfaces of the collector are optimally aligned with the airflow.

The laminar flow apparatus of the present disclosure may utilize a pressure drop

across the collector to induce a flow across the collection surfaces. The pressure drop

may be created by stagnation of flow on the upwind side of the scrubber; by a Bernoulli

type pressure reduction induced by air flowing at right angle to the flowline entering the

scrubber; by thermal convection; by a mechanical input, including but not limited to

fans; by placing the apparatus into the flow of a cooling tower at any location in the

flow; by placing the apparatus into the flow of any other type of convection tower or

chimney; or by placing the scrubber on a hill side that induces thermal convection or

katabatic winds.

The collector may be organized into cylindrical, elliptical, spherical shapes

through which air can pass, or as a plurality of spaced flat plates, e.g., circular disks that

form a vertical disc stack. The solid sorbent may be regenerated by a washing fluid that

removes the absorbed CO2 e.g., to alkaline solutions. Alternatively, or in combination,



the solid sorbent is heated to drive the release OfCO , either directly into the surrounding

volume or into a washing fluid.

The next step of the process involves separating the captured CO from the

collector. Typically, where ion exchange materials are used in the collector, the CO may

be removed by washing the collector plates with water (in the form of water, steam or

humid air), and then treating the wash solution to recover the carbon dioxide, for

example, according to the teachings of our earlier U.S. Patent Application Serial No.

11/209,962, filed August 22, 2005. Alternatively, the CO2 may be concentrated and

compressed and used as a feedstock, for example, for synthetic fuel production or to

enhance plant growth, to carbonate beverages or injected into the ground to enhance oil

recovery, or for storage, or injected into the ocean.

The air surrounding the sorbent may be evacuated from the chamber in order to

avoid the admixture of air with released CO in connection with either of the above

methods for regenerating the sorbent. Once the solid sorbent releases the CO , the

concentrated CO2 remaining in the chamber is evacuated. Where the CO2 is mixed with

water vapor, as when a humidity swing is used, the water vapor may be separated from

the CO by reducing pressure using either a cold trap or some other cooling device such

as a heat exchanger, or by direct compression. The cold trap may be used to compress

and liquefy or freeze the CO .

Another potential method for regeneration of the solid sorbent is to bring the

solid sorbent in contact with a secondary sorbent that reduces the CO partial pressure in

the system. The secondary sorbent in this embodiment preferably is a liquid.

The regeneration of the sorbent may take place at the location of the CO2

collection, or the scrubber unit may be transported to another location for efficient

removal and/or sequestration of the captured CO .

Yet other separation and sequestration treatments are possible including those

described in commonly-owned, copending U.S. Patent Application Serial Nos.

11/209,962, filed August 22, 2005; 11/346,522, filed February 2, 2006, 11/683,824, filed

March 8, 2007; and 11/866,326, filed October 2, 2007, the contents of which are

incorporated herein by reference.

Another aspect of the present disclosure provides solid ion exchange materials

such as described above and in our afore-mentioned co-pending applications, wherein the

ion exchange materials are formed or cut into thin strips, and held together around a core

in the form of a bottlebrush-type structure.



In co-pending U.S. Application Serial No. 11/683,824, filed March 8, 2007, U.S.

Publication No. U.S.-20O7-0217982-A1, assigned to a common assignee and

incorporated by reference herein, there is described an air capture device that utilizes a

solid functionalized anion exchange material that is formed to provide a relatively large

surface area which allows for air flow with minimum resistance. The solid anion

exchange material may be formed from sheets of anion exchange material such as

fictionalized polystyrene or the like, or comprise sheets of inert substrate material coated

with anion exchange material. In a preferred embodiment of our prior disclosure, the

anion exchange material comprises"noodle-like" l mm (0.03937 inch) thick by 1 mm

(0.03937 inch) wide strands formed by slitting commercially available anion exchange

membrane as described supra. The solid anion exchange polymer also maybe formed

into cells or the like. See also co-pending application serial no. 12/389,213, filed

February 19, 2008, for alternative processes for production of solid CO2 sorbent

materials.

FIGS. 5-7 show a bottlebrush shaped CO2 air capture element 110 made in

accordance with the present disclosure. The air capture element 110 comprises a

plurality of elongated strips 112 of sorbent material such as solid ion exchange materials

such as available from Snowpure, LLC, cut into 1 mm (0.03937 in) thick by 1 mm

(0.03937 in) wide strands, and formed into a"pine-brusH'or bottlebrush shaped collector

held together and extending from about 5.0 cm (about 1.969 in) from a twisted wire core

114. The brushes could, of course, be sealed to any convenient size. The distal ends of

the wire core 114 may be mounted to fixtures 120, 122 which permits the air capsule

element 110 to be stored in place, or assembled to another structure as will be described

below.

Attaching the sorbent"strips"to a wire core, i.e. in the form of a bottle brush,

permits low cost manufacturing using existing manufacturing equipment similar to that

used in making conventional bottle-brushes.

The bottlebrush shaped air capture elements 110, themselves can then be

incorporated as basic collection elements of a collector assembly. Airflow can be

directed axially (along the elongate wire core 114) or transverse to the wire core 114.

Alternatively, the flow may be in a random direction relative to the elongate axis of the

bottlebrush. For example, consider the case of a design where a plurality of bottle-

brushes are radially aligned in a vertical cylindrically shaped assembly. In that case the

air can enter and penetrate the assembly at virtually any angle. It also is possible for air



capture element to be laid on its side, in which case there may be less constraint with

regard to the flow directions.

A feature of the bottle-brush design of the present disclosure is that the flexible

strands of sorbent material can be folded together and thereby reduce the volume of the

basic collector unit, i.e. so that an air capture element 110 may be drawn to inside a

smaller diameter tube. This feature and advantage is illustrated in Fig. 7 which shows a

bottlebrush-shaped air capture element 110 being drawn into a tube, that has a

substantially smaller diameter than the unfolded "needles." As a result the volume

required in the treatment process for removing and concentrating the captured CO2, and

for regenerating elements, as will be discussed below, can be substantially smaller than

the volume occupied during air capture.

Referring to Fig. 8, in a preferred embodiment of the present disclosure, the air

capture device comprises a plurality of sets of air capture elements 110 each provided

with a threaded rod 116 attached to the distal end of the wire core 114. Fig. 8 shows the

threaded rod in connection with one possible embodiment. The threaded rod sits within

a guide nut (not shown) and is turned by a motor (not shown) to extend and retract the air

capture element 110. The motor turns the rod in a first direction to retract the portion of

the air capture element with elongated strips 112 into CO2 cylinder 124, and in a second

(opposite) direction to extend the air capture element once the CO has been entrained in

the system and the sorbent strips have been regenerated. Optionally, the motor may be

configured to spin the guide nut around the threaded rod.

The assembly shown in Fig. 8 includes eleven sets of three brushes. Each set of

air capture elements may be extended or retracted individually. This allows the system

to treat some of the air capture elements i.e. to remove and concentrate captured CO2 and

regenerate the elements, while other of the air capture elements are deployed to remove

additional CO2 from the atmosphere.

The distal end of each air capture element 110 carries a cap for sealing the CO2

cylinder 124. The cap and/or the top of the cylinder may further include an o-ring or

other mechanism to provide a seal when the air capture element is fully retracted.

Once the sorbent strips are folded and pulled into the cylinder 124, the cylinder is

sealed with the cap, and the captured CO is released from the sorbent strips, and the

released CO2 concentrated by any one of several methods described in our previous

patent applications. For instance, the CO may be released by humidity swing, thermal



swing, vacuum pressure, or by using a wash. The regenerated sorbent strips are then be

deployed to remove additional CO2 from the atmosphere

Fig 8 shows an exemplary embodiment, wherein the elongated sorbent strips 112

are washed with a carbonate wash solution, such as sodium carbonate, and then release

CO2 inside the cylinder 124. The carbonate wash solution preferably is at or near a pH

of 11.8 or higher. This step regenerates the sorbent and captures the CO2 in the effluent

in the form of bicarbonate ions. Referring to Fig. 8, the wash solution is contained in a

wash reservoir 130 located above the cylinders 124. The wash reservoir 130 is

connected to each of the sets of air capture elements by the upper manifold 132. The

upper valve 134 controls the flow of wash solution to a cylinder 124, where the wash

solution enters at the bottom of a first cylinder in a set. After filling the first cylinder, the

wash solution cascades to the next cylinder of the set, which are connected in series,

filling again from the bottom. After passing through each of the cylinders in a set, the

wash solution passes through lower valve 136, at which point the resulting

carbonate/bicarbonate solution is pumped upwards by one of pumps 138 through the

lower manifold 140 to be fed into the next set of cylinders in turn.

The system preferably is controlled to produce a bicarbonate effluent, such as

sodium bicarbonate, at o r near a pH of 8.3. According to the embodiment of Fig. 8, this

is efficiently done by flowing the carbonate solution through several air capture elements

in series, wherein each successive air capture element contains a greater cencentration of

CO2. The effluent is then stored in the brine tank (not shown).

The assembly of Fig. 8 is designed such that some of the air capture elements

remain in the air stream while other air capture elements are being regenerated by the

wash solution. Each of the sets of air capture elements may move independently of one

another through the use o f several clutch mechanisms. Additionally, the upper and lower

valves 134, 136 may be controlled to manipulate the order in which the wash solution

sees each set of elements.

The bicarbonate solution may be further processed to concentrate the CO2 by

using one of a number o f processes as disclosed in our previous applications such as

electrodialysis, thermal swing, secondary sorbents, or other processes. The assembly of

Fig. 8 is configured to deliver the bicarbonate solution to an electrodialysis cell.

Other configurations apart from the one shown in Fig. 8 are also possible. This

includes different geometric arrangements of the air capture elements. By way of

example, such arrangements might include: rows of air capture elements forming a box;



air capture elements formed as circular rings; air capture elements arranged in a circular

formation, with the air capture elements extending vertically, horizontally outward, or

both; a plurality of bottle brushes may be formed into a spiral column; a plurality of

bottle brush elements placed together in a air flow plenum; or a plurality of bottle

brushes strung together along a moving track.

Another aspect of the present disclosure provides a method for extracting a

contaminant from a gas stream, specifically the removal of CO2 from the air or from a

flue stream. Fig. 9 is a block diagram showing this method, wherein a structure is

provided including a plurality of air capture elements and cylinders as described above.

First the air is exposed to the air or flue stream in an air capture station 150. CO2

molecules are captured by the sorbent strips of the air capture elements. When the air

capture elements are at least partially saturated with CO2, the air capture elements are

drawn into the cylinder, in a CO2 concentration and air capture element regeneration

station 152 folding the sorbent strips. The sorbent strips are then treated to extract the

captured CO2 and to regenerate the sorbent strips. This may be accomplished by one of

the methods mentioned above, such as for example, drawing off the captured CO2 by

applying a vacuum pressure to the cylinder; employing a thermal swing; employing a

humidity swing; or washing the air capture strips in a sodium carbonate solution or other

secondary sorbent. The CO2 is then concentrated and the secondary sorbent reclaimed in

a concentration/reclamation station 154. When the air capture strips have been at least

substantially regenerated, the air capture element is rejected from the cylinder where the

air capture strips deploy to their original geometry, and the above steps are repeated.

In another aspect of the present disclosure, carbon dioxide (CO ) is extracted

from ambient air using a conventional CO2 extraction method or one of the improved

CO2 extraction methods disclosed supra or in commonly-owned PCT applications

PCT/US05/29979, PCT/US06/029238, and PCT/US07/802229, each of which is

incorporated by reference herein. As shown in Figs. 10 and 11, the present disclosure

provides a factory-built system 210 comprising a plurality of air collector elements 212

containing a CO sorbent mounted or deployed on a base 214 which includes the

necessary equipment for concentrating the CO2 removed from the air and for

regenerating the sorbent.

In the illustrated example, the system comprises eight collector elements 212;

however, the system may comprise fewer or more than eight collector elements. The

collector elements are plumbed and valved so that selected elements may be actively



collecting CO2 while other elements are being regenerated, e.g., in accordance with other

aspects of the present disclosure. Base 214 is sized to fit within a standard 40 ft shipping

container, or on a flatbed trailer so that the system may be trucked to a site, and lifted off

the trailer and leveled on pylons 216. Alternatively, base 214 may be supplied with

wheels or a wheeled carriage 2 18 so that the system may be towed to a site, and jacked

and leveled at the site.

Designing the system so that it may be mass produced in a factory and shipped

essentially functionally complete will significantly reduce costs of the system just as in

the case of factory built housing has reduced the cost of housing.

Base 214 includes the several elements needed to concentrate the CC^and

regenerate the sorbent.

Our afore-mentioned commonly owned applications disclose several potential

primary sorbents that may be used to capture and remove CO2 from the air. In one

approach to CO capture, illustrated in Fig. 12, the sorbent is a strong base ion exchange

resin that has a strong humidity function, that is to say, an ion exchange resin having the

ability to take up CO2 as humidity is decreased, and give up CO2 as humidity is

increased. Such resins may be regenerated by contact with water, humid air, or pulses of

steam. In this approach the CO is returned to a gaseous phase in a more concentrated

form, and no liquid media are brought in contact with the collector material.

Other primary sorbents may be regenerated by a secondary sorbent such as weak

liquid amine. This amine must be capable of pulling the CO2 content of gas mixture

down so that the CO2 partial pressure drops to about e.g., 20 to 30 mbar. Thus it can be

far weaker sorbent than the primary sorbent and this allows the use of very weak amines.

Still other sorbent materials may be regenerated by the application of heat

(utilizing a thermal swing), or vacuum pressure,

In another example, CO is captured and removed from air on a solid phase ion-

exchange resin, which is placed in a plurality of chambers connected in series. See Fig.

13A. The resins in the different chambers have been exposed for different length of time

to the outgassing process. Resins may be moved from chamber to chamber, or more

likely as shown in Fig. 13B, the valving is changed to take a chamber from the purged

end of the chain, remove its charge and fill it with a resin which is now put on the

unpurged end of the chain. The gas in each chamber is composed of water vapor, CO2

and possibly an inert sweep gas. The sum of the three partial pressures monotonically

declines from the upstream end of the system to the downstream end of the system.



Increasing the flow speed can reduce the sweep gas pressure, but the water vapor

pressure is more or less in equilibrium with the liquid water at this point. The CO

pressure should increase in the direction of the sweep. If the water vapor is a large part

of the total pressure, the water vapor pressure gradient controls the flow and it would be

established by a temperature drop from one chamber to the next, while the CO pressure

will rise from one chamber to the next, as each chamber is adding some CO to the flow.

The contributions of each chamber will be limited by the rate at which the material can

release CO and the equilibrium pressure that particular resin can reach.

In yet another example CO2 is captured and removed from air by employing

hydrophobic activated carbon materials with strong base ion exchange resins. See Fig.

14. This latter process is based on observation that activated carbon has been observed

to absorb CO when wet, and release the absorbed CO as it dries. This is the opposite

behavior from ion exchange resins. Accordingly, this makes it possible to couple solid

phase ion exchange resin extractors and activated carbon extractors in sequence. Starting

with dry activated carbon and moistened resin materials air is passed through the system.

As the air dries the resin, it transports the water vapor to the carbon. The resin picks up

CO as it dries, and the activated carbon picks up CO2 as it accepts moisture. Once the

resin is dry, the system is reversed, and fresh air is flowed through the activated carbon,

and releases moisture back to the ion exchange resins. As the carbon dries it gives off

CO , raising the CO2 partial pressure where it can be concentrated and removed. A

feature and advantage of coupling ion exchange material and activated carbon in this

manner is that water is preserved, and is a simple matter of valving to reverse air flow.

Alternatively, zeolite materials may be used in place of activated carbon. By stringing

several air capture devices together, the ambient CO removed may be concentrated.

In another aspect of the present disclosure shown in Fig. 15, CO2 is captured

using ion exchange materials and concentrated using an electrodialysis (ED) cell. The

overall process is as follows: The ion exchange resin is washed using a basic solution,

such as sodium carbonate (Na2CO3), preferably having a pH of 11-12. The resulting

effluent, which in the example of a sodium carbonate wash will be primarily sodium

bicarbonate (NaHCθ 3), will preferably have a pH of 9-10. The effluent is then supplied

to the acid side of an ED cell, where the reaction is controlled through bipolar and

cationic membranes, After an initial run, the acidic side of the cell stabilizes at a near

neutral pH, at which point CO evolves and is captured. Osmotic pressure drives water



towards the base side of the cell. The basic solution is maintained near a pH of 12 and

may also be used to replenish the wash fluid.

In another exemplary embodiment shown in Fig. 16, the present disclosure

provides a system that is substantially carbon neutral, wherein an air capture device, such

as those described herein, collects CO that is released by an industrial process

employing CO2. For example, such processes include the use OfCO as a refrigerant, as

a dry cleaning agent or other solvent, as a fire suppression material, as an oxidation

preventing shield-gas in welding, as an alternative to sand-blasting, as a freezing agent in

food processing, or any other process where CO2 is utilized and is later released to the

atmosphere. The system effectively creates a loop that is substantially carbon neutral.

The air capture device may, for example, be connected the HVAC system of a building

where CO is released by processes therein. With the present disclosure, CO2 is captured,

concentrated and recycled for reuse on site.

The disclosure also may be used to generate carbon credits. Thus, a manufacturer

may extract CO , and obtain a carbon credit which may be traded or sold, or use the

extracted CO in a secondary process, eliminating the cost of purchasing or generating

CO for a secondary process.

Yet another aspect of the present disclosure provides an improved design for

previously disclosed devices, processes and methods designed to capture carbon dioxide

from the atmosphere utilizing a CO2 selective sorbent that can be regenerated by

providing water, humidity or low grade steam with temperatures that can be well below

10O0C (2120F). While it is sometimes possible to operate such a system at ambient

temperatures and simply take advantage of the difference between relative humidity in

the ambient air and the maximum partial pressure of water vapor that can be achieved at

ambient conditions, it is often advantageous to raise the temperature of the resin during

the recovery so as to allow for a higher partial pressure of water vapor,

In co-pending PCT application, Serial No. PCT/US08/60672, assigned to a

common assignee, incorporated by reference herein, we have discussed temperature

ranges from 300C (860F) to 5 O0C (1220F), which is the optimal temperature range

discussed here. However, the utility of the methods described herein are not intended to

be limited to a specific temperature range. In other words, the present disclosure

provides methods and apparatus that are able to operate efficiently outside the optimal

temperature range.



The above mentioned co-pending PCT application, Serial No. PCT/US08/60672,

describes a carbon dioxide (CO ) capture process which comprises bringing a gas stream

in contact with a resin, wetting the resin with water, collecting water vapor and carbon

dioxide from the resin, and separating the carbon dioxide from the water vapor. The

resin may be placed in a chamber or a plurality of chambers connected in series wherein

said first chamber contains resin that was most recently saturated with carbon dioxide

from the gas stream, and each successive chamber contains resin which has been wetted

and carbon dioxide collected from for a greater period of time than the previous

chamber, and so on until the last chamber. The plurality of chambers are connected by a

plurality of valves that allow any of the plurality of chambers to serve as said first

chamber.

This aspect of the disclosure describes a method, and the necessary apparatus,

plus the overall process scheme, to fully or partially dry the wet resin in the first

chamber, while transferring the moisture to the originally dry resin in the second

chamber.

In the present disclosure, the sorbent material preferably is an ion exchange resin,

but equally applies to all sorbents that can absorb CO2 at low levels of moisture and will

release the CO at higher partial pressures of water vapor. To achieve a process where

the sorbent performs at higher values of water vapor pressures, it may be necessary to

raise the temperature of the resin.

The sorbent may alternatively be comprised of other materials, including zeolites,

activated carbon, weak base amines, or a combination thereof. A comprehensive

discussion of these and other materials can be found in co-pending patent applications

assigned to a common owner, including, U.S. Patent Application Serial No. 11/683,824;

U.S. Patent Application Serial No. 12/389,213 each of which is incorporated by

reference herein.

The present disclosure provides a configuration, in which there is a resin air

collector placed into a first chamber, the atmosphere within the first chamber containing

sufficient moisture to free most or all of the captured CO2 that was attached to the resin,

the CO2 having been released from the ion exchange resin by a humidity swing, as

described in co-pending PCT Application Serial No. PCT/US08/60672, the CO2 having

been further removed from the chamber. The chamber retains the released CO2 and a

large amount of moisture that has been adsorbed onto the filter resin. The first chamber



should be tightly sealed so as to be capable of maintaining a vacuum pressure when

required.

The configuration also comprises a second chamber filled with a CO loaded

resin that is still dry, wherein the air has been evacuated from the second chamber, by

some appropriate means.

At the start of the process, the two chambers are isolated from the rest of the CO

recovery system that may be part of a larger system, and they are also isolated from each

other, preferably by one or more valves. By opening one or more valves, a connection

between the two chambers is established.

Rather than just opening a passage between the two chambers that would allow

uncontrolled flow in either direction, it is important that the flow direction is established

so that there is positive gas flow from the first chamber to the second chamber. Initially,

this will be accomplished by the natural pressure gradient between the first chamber

filled with water vapor in equilibrium with its environment, which typically is at a

temperature above ambient conditions, and the lower residual pressure in the second

chamber, which typically will be under-saturated in water vapor and also lower in

temperature.

The dry resin will absorb humidity, which thermodynamically is akin to

condensation and thus releases a comparable amount of heat. Without wishing to be

bound by theory, if this were not the case, the resin would be unable to absorb moisture,

as this requires a free energy change that is negative, in the face of an entropy change

which is dominated by the high entropy of the gaseous water vapor. Hence to overcome

the "T∆S" term in the free energy equation, a similarly large enthalpy change is required.

In the initial stages of the process this absorption will maintain a pressure

gradient between the two chambers. Therefore, with an appropriate amount of throttling

of the flow, such as by use of a throttling valve for the connection between chambers, a

unique flow direction can be maintained. Since at the same time water is evaporating in

the first chamber and condensing in the resin chamber (or is being released from the

sorbent in the first chamber and absorbed in the second chamber) there is a substantial

amount of heat that is being transferred from the first chamber to the second chamber.

The amount of water being absorbed in the second chamber is capable of

inducing a temperature swing of many tens of degrees, far more than is actually

necessary to transfer heat from the first chamber to the second chamber. In rough terms,



1 mole of water can heat 1 kg (2.205 lbs) of resin by approximately 2 O0C (approximately

680F). One kilogram of resin can hold far more water than that.

The spontaneous gas flow from the first chamber to the second chamber will slow

down and eventually cease as the two water vapor pressures reach equilibrium.

Equilibration will be driven by the temperature differential and the change in saturation

levels of the resins.

As the system approaches equilibrium, a small low pressure pump may be used to

keep pumping water vapor from the first chamber to the second chamber. In this way it

is possible to transfer water from the first chamber to the second chamber. While

initially the temperature in the second chamber was typically lower than that of the first

chamber, the pumping action will lead to additional condensation in the second chamber

raising its temperature above that of the first chamber.

As the temperature differential increases, heat transfer may be used to reduce the

temperature gradient between the second chamber and the first chamber. This can be

done by a variety of means known to practitioners in the art. For example, it is possible

to use liquid filled heating coils inside of which circulates a heat transfer liquid between

the two chambers. In situations where the heat transfer may be particularly cumbersome,

it is also possible to cool the second chamber against ambient conditions, whereas the

first chamber is heated against ambient conditions.

The pumping effort may be maintained until a desired moisture level has been

accomplished in the first chamber, or until a desired moisture level has been reached in

the seconded chamber. Since the primary objective is to minimize water losses to the

environment, it is preferably the conditions in the first chamber which will control the

extent of the pumping actions. Alternatively, it is possible to let some or all of the

remaining excess moisture in the first chamber evaporate into ambient air after the

chamber has been opened to the air. This alternative saves energy, at the expense of

consuming water.

It also may be possible to drive the moisture level of the first chamber down until

it matches the moisture level in ambient air. If pumping of water vapor is maintained

until the partial pressure of water vapor in the first chamber is below the partial pressure

of water vapor in ambient air, the result will be that the system will collect water from

the atmosphere rather than consume water.

In an embodiment wherein the complete system is designed to collect water

rather than consume water, the system efficiency may be increased in other aspects, as



allowed under a given set of circumstances. Since the process does not consume water,

it is possible in such a design to begin the regeneration cycle with the full immersion of

the resin into deionized (or distilled) water. The water used may have gone through

multiple condensation cycles to achieve the appropriate quality. Energy may be

conserved as it is requires much less energy to evacuate a water-filled chamber by

pumping out water, then it is to evacuate an air-filled chamber by pumping air. In this

case it is important to keep the water in a closed storage system, as it will be saturated in

CO and uncontrolled release of the CO2 from the water should be avoided in most

applications of such a device.

Once the resin is wet and the system is evacuated the counterfiow arrangement is

similar to those discussed in the aforementioned co-pending applications. In this

embodiment, however, it may not be necessary to operate the chambers at elevated

temperatures, as a benefit of the immersion of the resin. This embodiment may also

allow for a chain of chambers to be connected as gas is slowly pumped from the

beginning of the chain, which contains the most carbon depleted resin, to the last which

contains the freshest most carbon loaded resin. (It is this last chamber which just has

been flushed with water and evacuated.)

The gas is pumped slowly out of the last chamber into the beginning of a gas

compression train, in which water may be condensed out of the water vapor/CCh

mixture. Instead of compressing the gas stream after it has been removed, it also is

possible to consider other applications of the water vapor/CCh mixture. Where the gas

is compressed the water condensed during this step can be returned into the process.

The chambers may be connected with a plurality of pipes, pumps and valves so

that the aforementioned chain of chambers can begin at any chamber and end at any

other chamber including all those chambers in the arrangement that are logically between

the first and the last. By arranging the chambers in a circle or similar spatial

arrangement, any chamber can operate as the first or the last chamber by controlling

valving between chambers. It usually is not necessary to arrange chambers in arbitrary

order, but with the appropriate piping and valving this could be achieved as well.

Once a chamber has been sufficiently depleted OfCO and has been effectively

removed from the chain, it is then entered into the water recovery step. This chamber

now functions as the "first chamber" according to our discussion above. It is then paired

with an additional chamber, which plays the role of the second chamber in the previous

discussion.



In an alternative embodiment, the second chamber has been wetted immediately

in a water flush, and thus the first step of the previous cycle where water vapor

spontaneously flows from a high moisture chamber, to a low moisture chamber, has been

eliminated. In this case, pumping action will be utilized from near the beginning of the

process (there may be a little temperature difference which drives a small amount of

transfer). The water vapor from the first chamber could still be pumped into the second

chamber.

Another more practical approach is to pump the water vapor from the first

chamber back into the water reservoir, which holds all the water that is present in the

system. The amount of water will not only be augmented with additional water that

condenses into this chamber but it will also absorb the heat of condensation that is

released in the process. The first chamber will have to have heat contact with the

outside in order to avoid cooling down in the drying process.

By extending this pumping cycle for a sufficient amount of time, it is possible to

collect water from the atmosphere rather than losing water to the atmosphere. Such a

system, while it consumes more energy than the aforementioned water vapor cycles that

accomplish the bulk of the sorbent drying in the open air, can operate with great

efficiency in terms of water consumption. Also, such a process will run faster by

shortening the wetting cycle with a liquid water flush. As the drying cycle pumps water

into a large reservoir its speed is not limited by heat transfer concerns, thus potentially

speeding up the drying cycle. The evacuation system is also greatly simplified.

For every mole o f water that is transferred, however, mechanical energy is spent.

A mole of water at 0.01 bars requires IkPa 2.6m3 ( at 45°C ( 1 130F)) are 2.5 kJ/mole.

The heat resturn is about 40kJ/mole. The amount of water to be transferred could easily

exceed 20 moles per mole of CO2. This would result in a 50 kJ/mole energy penalty.

Thus, the optimal configuration will be determined by the specific conditions in which

the system operates.

It should be emphasized that the above-described embodiments of the present

device and process, particularly, and "preferred" embodiments, are merely possible

examples of implementations and merely set forth for a clear understanding of the

principles of the disclosure. Many different embodiments of the disclosure described

herein may be designed and/or fabricated without departing from the spirit and scope of

the disclosure. All these and other such modifications and variations are intended to be

included herein within the scope of this disclosure and protected by the following claims.



Therefore the scope of the disclosure is not intended to be limited except as indicated in

the appended claims.



Claims:

1. A method for capturing carbon dioxide from an air stream, comprising

exposing one or more collection surfaces formed of a solid sorbent material, wherein the

solid sorbent material absorbs carbon dioxide from the air stream, and wherein the air

stream is laminar, or close to the laminar regime.

2. The method of claim 1, wherein the sorbent solid material comprises a

supporting substrate covered at least in part by a layer of said sorbent.

3. The method of claim 2, wherein the layer of said sorbent comprises a film

covering the surface.

4. The method as described in claim 1, comprising one or more of the

following features:

(a) wherein the collection surfaces are smooth parallel plates;

(b) wherein the collection surfaces follow straight lines or nearly straight

lines in the direction of the air stream;

(c) wherein the collection surfaces comprise corrugations, pipes, tubes, or

angular shapes; and

(d) wherein the collection surfaces form a monolith structure, including but

not limited to a honeycomb pattern where openings follow straight lines crossing the

monoliths.

5. The method of claim 1, wherein the collection surface is roughened in a

regular or random manner, wherein the roughening is described by one or more of the

following:

(a) the roughening creates a plurality of features including one or more from

a group consisting of: grooves, dimples, bumps, fibers and dendrites;

(b) the roughening creates a plurality of features that are smaller than the

flow channels and smaller than the diffusion boundary layer thickness;

(c) the roughening results in an air stream having a Reynolds number that is

less than about 100;

(d) the surface roughening is accomplished by sandblasting or grinding;

(e) the surface roughening is accomplished by etching or other chemical

application;

(T) the surface roughening is accomplished by foaming the sorbent material

either throughout the body of the matrix structure or on the coating surface;

(g) the collection surface is made from a foam or foam like material; and



(h) the collection surface is made of highly porous materials including but not

limited to activated carbon materials.

6. The method of claim 1, wherein the collection surfaces are arranged in a

manner that may be described by one or more of the following:

(a) wherein the collection surfaces are thin films such as foils, or corrugated

foils or a combination thereof;

(b) wherein the collection surfaces are stacked and kept apart by spacers or

bumps on the collection surfaces;

(c) wherein the collection surfaces are supported by one or more wires or a

wire netting;

(d) where the collection surfaces are supported on a rigid structure selected

from the group consisting of a solid plate, a honeycomb, and a lattice work;

(e) wherein the collection surfaces comprise thin plates that are held together

with wires in a Venetian blind style;

(T) wherein the collection surfaces form cylindrical, elliptical or spherical

shapes through which the air stream can pass; and

(g) wherein the collection surfaces are circular and form a vertical disc stack.

7. The method of claim 1, further comprising one or more of the following

features:

(a) wherein the direction of the air stream is horizontal;

(b) wherein the collection surfaces are spaced about 0.3cm to 3cm from one

another;

(c) wherein the air stream follows a path through the scrubber that is between

about 0.1m to 3m in length; and

(d) wherein the air stream has an average speed of between about lm/s and

20m/sec.

8. The method of claim 1, further comprising using straightening elements to

minimize energy losses from misalignment between the collection surfaces and an

instantaneous wind field.

9. The method of claim 8, further comprising steering the at least one of the

collection surfaces so that it points into or parallel to the wind.

10. The method of claim 1, wherein the collector surfaces form a scrubber

that utilizes a pressure drop across the scrubber to cause the air stream to travel through

the scrubber, wherein the method is described by one of the following:



(a) wherein the pressure drop is induced by a stagnation of flow on the

upwind side of the scrubber;

(b) wherein the pressure drop is induced by a Bernoulli-type pressure

reduction;

(c) wherein the pressure drop is caused by thermal convection;

(d) wherein the pressure drop is created by one or more fans;

(e) wherein the pressure drop is created by placing the scrubber into a cooling

tower flow path;

(f) wherein the pressure drop is created by placing the scrubber into the flow

of a convection tower or chimney; and

(g) wherein the pressure drop is created by katabatic winds or naturally

occurring thermal convection.

11, The method of claim 1, further comprising recovering carbon dioxide

from the collection surfaces using one or more of the following steps:

(a) wherein the solid sorbent material is washed with a washing fluid to

remove the carbon dioxide from the solid sorbent material, including but not limited to

alkaline solutions such as a carbonate solution, an amine solution, or a sodium hydroxide

solution;

(b) wherein the solid sorbent material is heated to promote release of carbon

dioxide either into a washing fluid or into a gaseous collection stream;

(c) wherein the collection surfaces reside within a chamber, and wherein the

chamber is evacuated prior to treating the solid sorbent material to release carbon

dioxide;

(d) wherein the collector surfaces are brought in contact with a secondary

sorbent that reduces the carbon dioxide partial pressure in the system; and

(e) wherein the collection surfaces reside within a chamber, and wherein the

carbon dioxide is released by the collection surfaces into the chamber, wherein the

carbon dioxide is pumped out of the chamber.

12. The method of claim 1, further comprising removing the carbon dioxide

by exposing the solid sorbent material to water or water vapor, which drives the release

of carbon dioxide according to a humidity swing, resulting in a gaseous collection stream

that includes large amounts of water vapor and carbon dioxide, wherein the removal of

carbon dioxide may be further described by one or more of the following features:

(a) wherein the collection surfaces reside within a chamber, and wherein the



partial pressure of carbon dioxide within the chamber is reduced by moving the chamber

into a cold trap;

(b) wherein the collection surfaces reside within a chamber, wherein carbon

dioxide is separated from water vapor by compressing the gaseous collection stream in

the chamber; and

(c) wherein the carbon dioxide is separated from the water vapor by cooling

the gaseous collection stream until the water condenses or freezes out.

13. The method of claim 1, further comprising the step of removing the

carbon dioxide from the collection surfaces, wherein the collection surfaces are part of a

scrubber that is placed in a regeneration chamber for removing the carbon dioxide from

the collection surfaces, and wherein the scrubber is collapsed in volume before or as it

introduced into the regeneration chamber.

14. A carbon dioxide capture device comprising at least one collector element

having a plurality of strips of solid sorbent material attached to a core and extending

substantially radially out from said core.

15. The carbon dioxide capture device as claimed in claim 14, wherein the

core comprises two or more twisted wires.

16. The carbon dioxide capture device of claim 14, wherein the solid sorbent

material is a functional ized ion exchange material.

17. The carbon dioxide capture device of claim 14, wherein the strips are

resiliently flexible.

18. The carbon dioxide capture device of claim 14, wherein the collector

element includes one or more fixtures mounted to one or more distal ends of the

collector.

19. The carbon dioxide capture device of claim 14, further comprising at least

one cylinder, wherein the cylinder is sized such that the collector element fits within the

cylinder.

20. The carbon dioxide capture device of claim 19, wherein the plurality of

strips of solid ion exchange membrane material are folded or compressed to fit within the

at least one cylinder.

21. The carbon dioxide capture device of claim 19, wherein the at least one

cylinder is connected to a fluid reservoir containing a regenerating fluid for regenerating

the plurality of strips of solid ion exchange membrane material.

22. The carbon dioxide capture device of claim 21, wherein the regenerating



fluid is a carbonate solution.

23. The carbon dioxide capture device of claim 21, wherein the regenerating

fluid is a gas containing water vapor.

24. The carbon dioxide capture device of claim 14, wherein a plurality of

collector elements are arranged in a manner described by one of the following:

(a) wherein the collector elements are arranged in rows;

(b) wherein the collector elements are arranged in a spiral column;

(c) wherein the collector elements are arranged in a circular formation;

(d) wherein the collector elements are arranged in a plenum; and

(e) wherein the collector elements are arranged on a moving track.

25. A method for removing carbon dioxide from a gas stream, using a device

having a collector element comprising a plurality of strips of solid ion exchange

membrane material attached to a core and extending substantially radially out from said

core and a cylinder sized for containing the collector element, the method comprising the

steps of:

(a) exposing the collector element to the gas stream where it collects carbon

dioxide;

(b) placing the collector element within the cylinder; and

(c) removing the carbon dioxide from the collector element, thereby

regenerating the plurality of strips of solid ion exchange membrane material.

26. The method of claim 25, wherein the device further comprises a plurality

of collector elements and a plurality of corresponding cylinders.

27. The method of claim 25, wherein the step of removing the carbon dioxide

is accomplished in a manner described by one or more of the following:

(a) by washing the collector element with sodium carbonate;

(b) by using a humidity swing;

(c) by using a thermal swing; and

(d) by using a secondary sorbent.

28. A system for removing carbon dioxide from air, comprising a collector

having a sorbent to absorb and concentrate carbon dioxide from the air, and a base

containing equipment for concentrating the carbon dioxide removed by the sorbent and

for regenerating the sorbent, wherein the system comprises an integrated system sized for

transport over the road.

29. The system of claim 28, wherein the system is sized to fit in a standard



shipping container or on a flatbed truck.

30. The system of claim 28, wherein the system includes wheels or a trolley.

31. The system of claim 28, wherein the system is factory-built and shipped

essentially fully functional.

32, The method for deploying a system for removing carbon dioxide from air,

comprising providing a system as claimed in claim 28, and transporting the system to a

site.

33. The method of claim 32, wherein a plurality of systems are shipped to the

site, and further comprising plumbing two or more of the systems together.

34. The method of claim 32, wherein the system is shipped to a site in which

carbon dioxide is used in a secondary process, and further comprising supplying carbon

dioxide captured by the system to the secondary process.

35. A method of transferring moisture from a first chamber containing a first

amount of water-swing based carbon dioxide sorbent to a second chamber containing a

second amount of water-swing based carbon dioxide sorbent, by causing water vapor to

flow from the first chamber when the first amount of sorbent therein is partially or fully

depleted of carbon dioxide to the second chamber, wherein the second amount of sorbent

is partially or fully loaded, wherein the existing water vapor pressure gradient drives a

spontaneous flow from the first chamber to the second chamber until a substantial

equilibrium between the chambers is reached, whereupon the remaining water vapor is

compelled to flow from the first chamber to the second chamber by a pump.

36. The method of claim 35, wherein first amount of sorbent and the second

amount of sorbent experience evaporation and re-adsorption of the water vapor at various

points during the water-swing, and wherein the evaporation in the first chamber and the

re-adsorption in the second chamber causes a transfer of heat from the first chamber to

the second chamber, creating a heat differential in which the second chamber ends up

hotter than the first chamber,

37. The method of claim 36, wherein the transfer of heat associated with

transferring moisture is negated by a heat exchange system that transfers heat down a

heat differential from the hotter second chamber to the cooler first chamber.

38. The method of claim 36, wherein the heat transfer associated with the

transferring moisture is negated by a spontaneous heat transfer between each of the first

and second chambers an outside heat reservoir.



39. The method of claim 35, wherein the step of causing water vapor to flow

from the first chamber to the second chamber takes place until a partial pressure of water

vapor in the first chamber reaches a predetermined value that is less than a partial

pressure of water vapor in ambient air.

40. The method of claim 35, wherein the step of causing water vapor to flow

from the first chamber to the second chamber takes place until a partial pressure of water

vapor in the first chamber reaches a predetermined value greater than a partial pressure

of water vapor in ambient air, further comprising the step of exposing the sorbent in the

first chamber to ambient air to dry the sorbent.

4 1. An apparatus for capturing carbon dioxide from air, comprising a plurality

of chambers filled with a sorbent material, the plurality of chambers being attached to at

least one pump, wherein the chambers are connected by a network of pipes and valves

that allow the flow of a gas between the plurality of chambers filled with sorbent,

wherein the chambers are configured to allow an off gas stream taken from the last

chamber to then be pumped into a compression train.

42. The apparatus of claim 41, wherein the plurality of chambers is

configured to allow any of the chambers to function as a first chamber in a sequence.

43. A method for recovering carbon dioxide from a sorbent, comprising one

or more of the following steps:

(a) adding moisture to a first quantity of water-swing based carbon dioxide

sorbent, wherein water is recovered from the first amount of sorbent by placing the first

quantity of sorbent in the presence of a second quantity of water-swing based carbon

dioxide sorbent that is dry and partially or fully loaded with carbon dioxide; and

(b) drying a first quantity of water-swing based carbon dioxide sorbent that is

at least partially saturated with water and is located in a first chamber, by transferring

water vapor from the first chamber into a second chamber that is partially filled with a

relatively dry water-swing based carbon dioxide sorbent.

(c) transferring a quantity of water vapor from a first chamber containing a

first quantity of sorbent to a second chamber containing liquid water and a second

quantity of sorbent, wherein the second quantity of sorbent is saturated with carbon

dioxide.

44. A method for regenerating a water-swing based carbon dioxide sorbent,

comprising transferring a quantity of water vapor from a first chamber containing a first



quantity of sorbent to a second chamber containing liquid water and a second quantity of

sorbent, wherein the second quantity of sorbent is saturated with carbon dioxide.

45. The method of claim 44, wherein the liquid water is deionized, distilled,

or condensation water.

46. The method of claim 44, wherein the liquid water becomes saturated with

carbon dioxide, further comprising the step of keeping the liquid water saturated with

carbon dioxide in a sealed system.

47. The method of claim 44, wherein the liquid water in the second chamber

is sufficiently cold to drive a spontaneous flow from the first chamber to the second

chamber due to a resulting pressure gradient between the first chamber and the second

chamber.

48. The method of claim 44, wherein the water-swing used to regenerate the

first and second quantities of sorbent comprises evaporating a quantity of water from the

first quantity of sorbent and absorbing the quantity of water on the second quantity of

sorbent, wherein the heat given off during the step of absorbing is transferred to a

reservoir supply of the liquid water.

49. The method of claim 48, wherein excess heat transferred to the reservoir

is returned to the first chamber by at least one heat exchanger.
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