
(12) 
(19)

(54)

(51)

(21)

(87)

(30)

(31)

(43)
(44)

(71)

(72)

(74)

(56)

STANDARD PATENT 
AUSTRALIAN PATENT OFFICE

(11) Application No. AU 2007233275 B2

Title
Air collector with functionalized ion exchange membrane for capturing ambient CO2

International Patent Classification(s)
B01D 53/22 (2006.01) B01D 59/12 (2006.01)

Application No: 2007233275 (22) Date of Filing: 2007.03.08

WIPO No: WO07/114991

Priority Data

Number
60/780,466
60/780,467

Publication Date: 
Accepted Journal Date:

(32) Date
2006.03.08
2006.03.08

2007.10.11
2012.07.26

(33) Country
US
US

Applicant(s)
GLOBAL RESEARCH TECHNOLOGIES, LLC

Inventor(s) 
Wright, Allen B.;Peters, Eddy J.

Agent / Attorney
IP Gateway Patent and Trademark Attorneys, PO Box 1321, Springwood, OLD, 4127

Related Art
US 3466138 A
US 6402819 B1
WO 2007/016271 A2
GB 1296889 A



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

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
11 October 2007 (11.10.2007) PCT

lllllllllllllllllllllllllllllllllllll^
(10) International Publication Number

WO 2007/114991 A3

w
o 

20
07

/1
14

99
1 a

s ιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιιιι
ιπ

(51) International Patent Classification:
BOID 53/22 (2006.01) BOID 59/12 (2006.01)

(21) International Application Number:
PCT/US2007/063607

(22) International Filing Date: 8 March 2007 (08.03.2007)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/780,466 8 March 2006 (08.03.2006) US
60/780,467 8 March 2006 (08.03.2006) US

(71) Applicant (for all designated States except US): GLOBAL 
RESEARCH TECHNOLOGIES, LLC [US/US]; 3450 
S. Broadmont #100, Tucson, Arizona 85713 (US).

(72) Inventors; and
(75) Inventors/Applicants (for US only): WRIGHT, Allen, B. 

[US/US]; 5670N. PlacitaStilbayo, Tucson, Arizona 85718 
(US). PETERS, Eddy, J. [CA/US]; c/o Global Research 
Technologies, LLC, 3450 S. Broadmont, #100, Tucson, 
Arizona 85713 (US).

(74) Agents: SOLOWAY, Norman, P. et al.; Hayes Solo way 
P.C., 3450 E. Sunrise Drive, Suite 140, Tucson, Arizona 
85718 (US).

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, 
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, 
GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IS, 
JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS,
LT, LU, LY, MA, MD, MG, MK, MN, MW, MX, MY, MZ,
NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS, RU, 
SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN, TR, 
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL, 
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
— with international search report
— before the expiration of the time limit for amending the 

claims and to be republished in the event of receipt of 
amendments

(88) Date of publication of the international search report:
10 April 2008

(54) Title: AIR COLLECTOR WITH FUNCTIONALIZED ION EXCHANGE MEMBRANE FOR CAPTURING AMBIENT CO2

TREATED AIR

AIR
FLOW

(57) Abstract: An apparatus for capture of CO2 from the atmosphere comprising an anion exchange material formed in a matrix 
exposed to a flow of the air.



WO 2007/114991 PCT/US2007/063607

5

10

15

20

25

30

AIR COLLECTOR WITH FUNCTIONALIZED ION EXCHANGE MEMBRANE 

FOR CAPTURING AMBIENT CO2

The present invention in one aspect relates to removal of selected gases from air. 
The invention has particular utility for the extraction of carbon dioxide (CO2) from air 
and will be described in connection with such utilities, although other utilities are 
contemplated, including the sequestration of other gases including NOX and SO2.

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

the sharply increasing levels of atmospheric CO2 with a commensurate increase in global 

surface temperatures. This effect is commonly known as Global Warming. Of the 

various sources of the CO2 emissions, there are a vast number of 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 CO2 into the atmosphere. Combined, these major sources, as well as others, 

have lead to the creation of a sharply increasing rate of atmospheric CO2 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 of CO2 

in such a manner as to prevent its reintroduction to the atmosphere.

The production of 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 CO2 is neither poisonous nor harmful in parts per million quantities, but creates 
environmental problems simply by accumulating in the atmosphere, it is possible to
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1 remove CO2 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 

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

liquid. The CO2 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 CO?, 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 

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

significant amounts of low concentration CO2 from the air involves processing vast 

amounts of air and concentrating the CO? with an energy consumption less than that that 

originally generated the CO?. Relatively high pressure losses occur during the washing 

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

15 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.

Such prior art methods result in the inefficient capture of CO2 from air because 

20 these processes heat or cool the air, or change the pressure of the air by substantial 

amounts. As a result, the net loss 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.

The reference to any prior art in this specification is not and should not be taken 

25 as an acknowledgement or any form of suggestion that the referenced prior art forms part 

of the common general knowledge in Australia.

The present invention in one aspect provides an improvement over prior art 

systems for removal of CO2 from air by the utilization of solid phase anion exchange 

membranes for the direct capture of CO2 and other acid gases such as ΝΟχ and SO2 from 

30 air. Specifically, this invention provides practical physical configurations ofthe active 

element, processes for the manufacture of the active element and configurations options 

of an air collector device to facilitate the direct capture of CO2 and other acid gases from 

the air based on solid phase, anion exchange materials.

This invention in one aspect provides practical physical configurations of active
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1 air contacting elements, processes for the manufacture of the active elements and 

configurations options of an air collector device to facilitate the direct capture of CO2 

and other acid gases from the air based on solid phase, anion exchange materials.

The air capture device in accordance with the present invention constitutes a

5 front-end component of a larger system designed to capture low concentration ambient 

CO2, chemically remove the captured CO2 from the air capture device, concentrate the 

CO2 for subsequent permanent disposal, reconstitute the process chemicals and reactivate 

the CO2 capture materials in preparation for the next capture cycle.

The air capture device utilizes a functionalized anion exchange polymer that is

10 formed to provide a relatively large surface area which allows for air flow with minimum 

resistance. In one embodiment the anion exchange polymer takes the form of an open 

matrix or unordered mesh of “noodle-like” strands, e.g., similar to those found in 

evaporative or humidifier pads. Alternatively, the anion exchange polymer is formed 

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

15 certain critical capture performance requirements.

In our co-pending PCT Application Serial No. PCT/US06/029238, filed July 28, 

2006, we describe specific requirements for the chemical performance of the solid phase 

anion exchange material. This application in one aspect addresses mechanical 

configurations and air-side performance enhancements to ensure that the low energy 

20 needs of the overall system are met while ensuring a robust design with repeatable air

capture performance. In another aspect, this application describes an integrated system 

for reforming CO2 into other molecules that will permanently prevent the reintroduction 

of the captured CO2 into the atmosphere.

According to a further aspect, the present invention provides a process for 

25 removing CO2 from atmospheric air at a location remote from where the CO2 was 

generated, comprising the steps of passing atmospheric air in contact with an apparatus 

comprising a solid anion exchange material, whereupon CO2 is captured directly by the 

anionic material, and treating the anionic material to remove and concentrate the 

captured CO2 and to convert the captured CO2 to a useful product

30 According to a further aspect, the present invention provides an apparatus for

removing CO2 from atmospheric air according to the previous aspect, comprising a solid 

anion exchange material formed in a matrix exposed to a flow of the atmospheric air.

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

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

3
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1 wherein

Fig. 1 a flow diagram illustrating a capture of CO2 from the air;

Figs. 2a-2f are cross-sectional views schematically illustrating various 

configurations of air capture media in accordance with the present invention;

5 Figs. 2g and 2h are perspective views illustrating “noodle-like” air capture media

in accordance with the present invention;

Figs. 3a, 3b and 4 are perspective views illustrating various embodiments of air 

capture media in accordance with the present invention;

Fig. 5 schematically illustrates air capture media installed in a cooling tower in

10 accordance with the present invention;

Fig. 6 is a schematic view showing air capture media installed in an exhaust 

system in accordance with the present invention; and
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Fig. 7 is a schematic view illustrating COj capture from the air followed by 
sequestration in accordance with a preferred embodiment of the invention.

One goal of the air capture device of the present invention is to present a 
maximum amount of surface area of the solid phase ion exchange material per unit 

volume to a high volume flow rate, low pressure air stream while minimizing air 
pressure drop across the device.

Preferably, the air capture device also is configured to ensure as complete as 
possible penetration and thorough liquid contact of all surfaces with a sorbent chemical 

to remove the captured CO2 and to reactivate the membrane surfaces.

In operation, the air capture device will be exposed to a stream of air for a given 

period of time until, through known performance characterization, it will be necessary to 
remove the captured carbon-bearing molecules and reactivate the solid phase anion 
exchange materials. The solid phase anion exchange materials will then be treated, for 
example with a sorbent chemical, e.g. through liquid bath immersion or spray, to remove 

the carbon-bearing molecules and reactivate the solid phase anion exchange materials. 

Once drained, the air capture device can be reintroduced to the air stream.

Preferably, the air capture device is oriented to the air stream with its major 
feature or face substantially perpendicular to the air stream flow path. The face is 
penetrated by a matrix of passages that are parallel with the principal axis of the air 
stream and that pass completely through the bulk of the air capture device.

As stated previously, the amount of energy expended by the air capture and 

cleaning process to capture and concentrate atmospheric CO2 must be minimized. To be 

viable, the process should introduce less CO2 into the atmosphere as a byproduct of the 
generation of electricity used to power the process than that amount of CO2 that is 

captured. This impacts the configuration of the air capture device, specifically its 
aerodynamic impedance to the incoming process air stream.

The ideal arrangement of the device will be to utilize available wind driven 

airflow without fan assistance; however, the case for fan assisted airflow must also be 

considered. Given that a known amount of air must be processed to extract a known 
amount of CO2 (on the order of 10,000 units of air to every unit of CO2) and that the 
impedance presented by the air capture device will have a direct influence on the fan 
input power, it is necessary to minimize air-side pressure drop through the device. This 
may be achieved through the design of low pressure drop features that communicate air 
from inlet to the outlet faces ofthe air capture device with low flow resistance.

4
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In competition with the above requirement, another critical criterion requires the 

maximization of the specific active surface area of the device. Expressed as the unit 

active area per unit volume of the bulk mass of the device, one goal of the present 
invention is to limit the overall physical size of the air capture device. The concern 

arises from experimentally derived CO2 capture flux values for the ion exchange material 
under consideration. Although relative to other CO2 capture methodologies, it performs 
very well, and flux values are quite low. Specifically, we have demonstrated average 
capture fluxes from 2 to 6E-5 moles CO2/m2/sec. This has a significant impact on the 
amount of surface area of active material necessary to achieve practical capture 
quantities. For example, at 2E-5 moles CO2/m2/sec with the goal of capturing 1 tonne of 

CO2/day, the device would be required to expose 13,150 m2 of membrane to the air 

stream. Thus, the device needs to be configured with a high specific active surface area 

matrix to achieve a practical device without severe limitations on its location owing to 
the collector size.

A third criterion is the ability of the structural matrix to be thoroughly wetted by 

the sorbent chemistry necessary to remove the captured CO2 and to refresh the active 

material. Commensurate with its ability to be easily and thoroughly wetted is its ability 
to completely drain in preparation for the next processing cycle.

A fourth criterion requires that the structural matrix be configured to present a 

robust, uniform and dimensionally stable form. This is necessary given the following 

factors:

1. Firstly, the material may undergo significant dimensional 

variations owing to expansion and contraction processes between the wet and dry 

states. The fabrication of the matrix must provide robust joints between 
subcomponents to withstand the repeating strain over years of cycling without 

tear or rupture.

2. The design of the internal features must accommodate the 

expansion and contraction while maintaining dimensional stability. This is 
necessary in order to avoid localized and/or gross reductions in cross-sectional 
area as presented to the air stream which would lead to a reduction in the exposed 
active membrane.
Very high specific active surface area will compete, however, with the 

requirements for low pressure drop, this arising from the fact that high surface area to 
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volume efficiencies are achieved with very small internal features or passages. 
Additionally, very small internal features may also compromise air flow by causing air 
stagnation in these features below a characteristic critical air flow.

Thus, the final design and configuration will be an optimization of pressure drop, 

specific active surface area and overall collector size. This will also be influenced by 

practical manufacturing processes necessary to make a robust and cost effective device.

Design and Configuration of Active Element
a. ____ Requirements Overview
The air capture device of the present invention comprises a field or matrix of 

active elements or features that communicate directly between two opposing faces in 

such a manner as to minimize energy loss owing to aerodynamic forces arising from 

airflow through these features. In one embodiment ofthe invention, the active elements 

or features take the form of an open matrix or unordered mesh of “noodle-like” strands, 
similar to those found in evaporative or humidifier pads. In another embodiment of the 

invention the active elements or features are comprised of repeating shapes such as, but 

not limited to, regular and irregular polygons that may be of varying sizes and shapes 

occupying the complete matrix. The shape, size and distribution may vary over the 

entire matrix in order to optimize the airflow characteristics and pressure drop 
distribution to achieve the desired capture kinetics and structural performance criteria 
noted previously.

b. Physical and Performance Attributes

The smaller the cross-sectional area of a given feature, the higher the specific 

area of a unit volume of the matrix, i.e., specific area being the ratio of area to volume. 
For example for a matrix of rows of equilateral triangles, 5mm on each side, each row 

separated by a planar sheet would have a specific area of approximately 1200 m /m . A 
matrix of 10mm equilateral triangles would present a specific area of approximately 600 
m2/m3.

The trade-off of a small feature size is that with the air-side aerodynamic 
characteristics of turbulence and pressure drop. For a given airflow, as the cross
sectional area of the feature is reduced, the turbulence and pressure drop along the air 
path length will increase. To a limited extent, turbulence is desirable to ensure good CO2 
capture kinetics with a solid phase anion exchange material. However, a cost for higher 
turbulence and commensurate pressure drop though is the higher energy required to 

6
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move the air through the air capture device. For a given surface roughness of the solid 
phase anion exchange material in contact with the process air, the significant 
performance trade-off variables are feature cross-sectional area and uniformity, flow path 
length, air velocity flux at the face of the matrix and CO2 capture kinetic response of the 
solid phase anion exchange material.

Overlaying these performance trade-off issues are those related to the 

manufacturing and assembly of the features and the matrix. The manufacturing process 

necessary to create the small features while ensuring a robust and consistent assembly 

will be reflective of the starting raw materials. The two most common forms of solid 

phase anion exchange materials are thermoplastic sheet and beads. The practicality of 
forming small features will be driven by available processes and practices given these 

materials. There may be certain feature sizes, below which the manufacturing process 

may need to change potentially resulting in higher unit costs.

c. Configuration Options
At the most discrete level, the repeating feature would be comprised of repeating 

shapes such as, but not limited to, regular and irregular polygons that may be of varying 

sizes and shapes comprising the complete matrix. The selection of shape would be 

influenced, in part, by the specific area requirements and manufacturability. 
Additionally, the overall configuration of the air capture device may dictate more than 

one feature shape in order to maximize exposure to the air stream and adjust for 
differential air velocity fluxes. Potential shapes include, but are not limited to, isosceles 
and equilateral triangles, trapezoids, squares, rectangles, other regular and irregular 

polygons. See, e.g. Figs. 2a-2f. The shaped anion exchange material may be formed 

from sheets of anion exchange material such as functionalized polystyrene or the like, or 

comprise sheets of inert substrate material coated with anion exchange material. 
Alternatively, and in a preferred embodiment of the invention, the anion exchange 

material comprises “noodle-like” 1 mm thick by 1 mm wide strands formed by slitting 

commercially available anion exchange membrane material. One currently preferred 

material is an anion exchange membrane material available from SnowPure, LLC, San 

Clemente, California. The manufacturer describes these membrane materials as 

comprising 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 “noodles” or strands are formed by slitting 1 mm thick sheets of

7
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SnowPure anion exchange material into 1 mm wide “noodles” or strands. (See Figs. 2h - 

2i).
In accordance with one embodiment of the invention, an air capture device may 

be formed in a substantially circular shape and constant thickness shape, i.e., a disc, 
using a matrix of polygons which follow a spiral pattern to take advantage of a 

continuous strip of corrugated solid phase anion exchange material that is as wide as the 

air capture device is thick. See, e.g. Figs. 3a and 3b. The unit would be wound with a 
continuous corrugated layer and a co-joined planar layer until the desired diameter is 
achieved. An alternative to this configuration would be discrete increasingly larger 
diameter annular segments of corrugated solid phase anion exchange material and planar 

sheet subassemblies that would fit snugly together until the desired diameter of the air 

capture device is achieved.

A variant of the above example would have a disc of variable thickness. See, e.g. 

Fig. 4. This may be desirable in the presence of a non-uniform air flux field in order to 

ensure uniform capture and/or aerodynamic performance throughout the mass of the air 
capture device.

One advantage of the circular cross-section would be to match the geometry of 

the air capture device to a cooling tower such as an up-draft cooling tower which is 

circular in cross-section as well. See, e.g. Fig. 5. This circular feature also lends itself to 

retrofit applications of existing cooling tower installations.
Another configuration for the air capture device would be substantially 

rectangular, e.g., as shown in Fig. 6. The matrix would consist of a field of regular, 

repeating polygons set in rows or columns separated from each other by planar sheets. 
An alternative arrangement would include substantially a field of regular polygons with 

discretely placed regions of alternate shapes, patterns and/or sizes to optimize the CO2 
capture kinetics and aerodynamic performance throughout the mass of the air capture 
device. One advantage to this configuration is that it lends itself to an installation into a 

standard shipping container facilitating the development of a stand-alone, integrated and 

self-contained device that is readily shipped via the existing intermodal transportation 

infrastructure.

In all the configurations previously discussed, a significant advantage to the 
matrix arrangement of the polygon-based features is its inherent structural stability and 
strength. In the planar sheet form, the solid phase anion exchange material has no 
practical structure for stability and low specific area and in the bead form, the solid phase 

8
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anion exchange material has high pressure drop and requires external containment 
structures. A fabricated matrix of solid phase anion exchange material or a substrate 

coated with an anion exchange material creates a space frame structure similar to that 
used in aircraft floors and automobile bodies. In these applications, the space frame 
allows the designer to create a very stiff, strong and stable structure that is light weight 
with a very high strength to weight ratio. An example in nature of a similar matrix of 
regular polygons, fabricated from light weight material that yields a highly stable and 

strong 3-dimensional structure is the beehive.

Overview of Manufacturing Processes
a. Overview and Requirements

Common ion exchange resins are made up of a polystyrene or cellulose based 
backbone which is subsequently functionalized (aminated) into the anionic form usually 

via chloromethalation.

The manufacturing processes available to assemble the proposed matrix structure 

can take advantage of the formability offered by the polystyrene thermoplastic. Broadly, 
there are two paths open to the fabrication process. The first involves the formation of 
an assembled matrix or mesh prior to its activation or functionalization. This allows the 

fabricator the flexibility of apply a broad selection of mature plastics fabrication 

processes to manufacture the air capture matrix that would otherwise damage or destroy 

a functionally treated material. The primary concern is that the temperatures involved in 

melting polystyrene exceed the upper limit tolerance of the functionalized material.

The other fabrication path involves the use of pre-treated or functionalized 

material. This provides the option of working with pre-existing solid phase anion 

exchange materials albeit with some limitations to the processing conditions in order to 

preserve the ionic capabilities of the material. The limitation arises from the relatively 

low temperature tolerance of the functional amine groups on the material. The upper 
temperature limit is in the range of 100 to 140°C, well below the processing temperature 
necessary to fuse the thermoplastic material. Polystyrene has a Tg or glass transition 
temperature of approximately 100°C and a melting point around 240°C. As a result, the 

material can be worked or formed near the upper safe limit for the functionalized 

material without melting the material which would destroy the functionality.
Experimentation with thermoplastic solid phase anion exchange materials has 

shown that highly localized fusion bonding processes, such as spot welding, may be for 

9
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the assembly of the matrices as the heat-affected zone is highly localized limiting the 
amount of functionality that is removed by this processes. This process does not 

significantly impact the bulk performance of the solid phase anion exchange materials.

b.____ Forming of features and assembly of matrix
Selection of the shape of the features will be influenced, in part, by the 

manufacturing processes available. For example, the choice of a simple polygon, such as 
a triangle, lends itself to some simple forming processes. Starting with a continuous 
sheet of either pre- or post-functionalized polystyrene in roll form, a continuous forming 

operation of creating a corrugation can be achieved by passing the sheet between two 

heated and matched contoured rollers. The precisely spaced rollers will capture the 
polystyrene, heat the material to its glass transition temperature and impart the triangular 
shape. As the corrugated sheet exits the rollers, they are allowed to cool to ensure the 

shape takes a permanent set. For shapes that feature sharp bends or that require more 

severe processing, the post-functionalized material may be more suitable to allow for 
higher temperature processing.

Another forming processes that yields similar results as in the above example but 

produces formed sheets on a discrete basis, would be to press planar sheets between two 
heated and contoured platens under pressure. As before, the shape’s features may dictate 

the forming temperatures and therefore the selection of pre- or post-functionalized 

material.

Another forming process takes advantage ofthe existing technologies applied to 
the manufacturing of plastic parts. Specifically, polystyrene can be heated and extruded 

or injection molded to form complex shapes. Whether discrete parts or continuously cast 

shapes, the final product would then be functionalized after formation.

Yet another forming process involves the creation of a polystyrene foam material. 

With the addition of blow agents, an open-cell foam material would be created, the 

material cut into shape, and the pieces could be functionalized prior to assembly. The 
open cell nature of the foam would allow airflow through the material.

Yet another manufacturing process involves the fusion of two or more discrete 

pre-formed polystyrene parts. Through the application of highly localized high 

temperatures at or above the melting point of the material, it is possible to create a region 

where two or more pieces of polystyrene material would fuse together, e.g., by spot 
welding at discrete locations, or by seam welding along a continuous line. The welding 

10
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method selected would be chosen to suite the final assembly, the tooling and the required 

robustness of the final part.

Finally, a matrix or unordered mesh of “noodle-like” strands of anion exchange 

material may be employed.
Design and Configuration Options for Air Capture Device

a. ____ Overview and Requirements
The myriad of design options open for the matrix in terms of shapes and 

manufacturing processes lends itself to numerous configurations of the air capture 

device. These configurations provide opportunity for modularization, customization to 

fit existing spaces and optimization for cost, efficiency and productization.

b. Cubic Forms

The cubic form lends itself to efficient packing arrangements and modularization 
to support performance scale-up. An option is the development of a CO2 capture system 

that is configured to fit into standard 20 and 40 foot shipping containers wherein the air 

capture device will be substantially in a cubic form.

The air capture device also could be comprised of numerous, discrete cubical 

modular sections that collectively provide the desired CO2 capture performance. This 
provides an opportunity to individually regenerate each section, one at a time, allowing 

for continuous, uninterrupted CO2 capture.

c. Circular Forms

The circular form lends itself to a design that mimics a conventional updraft 

cooling tower. The disc could be configured to be a “solid” form with uniform 
dimensions and features throughout its thickness. Airflow would follow a path parallel 
to the axis of rotation of the disc.

In one arrangement, the air capture disc may be oriented horizontally with a fan 

positioned above it to provide an updraft flow of air.

Another arrangement has the disc oriented vertically with the fan either in front 
or behind it. The disc may be arranged to slowly spin through a trough containing the 
chemicals to regenerate the active material.

In the retrofit market, the disc may be configured to fit within an existing updraft 
cooling tower thereby taking advantage of the available draft.

Another configuration of the circular form is one wherein the device has an 

annular cross section. In this configuration the processed air would move radially 

11
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through the sides of the structure, either inwards or outwards depending on the 
installation.

d. Other Forms

There are many forms open to the design of the air capture device including those 

that are hollow. The configuration will be very much dependant on the constraints of the 
installation, notwithstanding those that govern performance as previously indicated.

o.____ Non-Uniform Cross-Section Forms
Adjustments to the cross section may be necessary in some instances to ensure 

uniform and efficient performance of the air capture device. This may lead to matrix 

configurations that have non-uniform cross sections and/or asymmetric profiles. 

Installation factors, enclosure designs and fan performance also may have a bearing on 
the final design and form of the matrix.

f____ Matrix or Unordered Mesh Forms

A matrix or unordered mesh of “noodle-like” strands 1 mm thick by 1 mm wide 

are formed by slitting sheets of 1 mm thick commercially available anion exchange 

material. The resulting “noodles” may then be loosely packed in a conduit, i.e., as 

shown in Fig. 2h, through which the air is directed.

Yet other structures that combine high surface area with low pressure drop 
advantageously may be employed in accordance with the present invention.

In yet another aspect of the invention, the CO2 captured from the air is 

permanently sequestered. There are several discrete processes that can be integrated to 
achieve permanent CO2 sequestration. Referring to the attached drawing Fig. 7, two 

such processes are the air capture process such as described in our co-pending U.S. 
Application Serial No. 11/209,962, filed August 22, 2005, and a conventional industrial 

chlor-alkali process.

The chlor-alkali process is a common industrial process for the manufacture of 

commodity chlorine (Cl2) and sodium hydroxide (NaOH) from NaCl by electrolysis, e.g., 
of sea water, in an electrolytic cell. The electrochemical current causes chloride ions to 

migrate to the anode where it is collected as chlorine gas. Sodium hydroxide and 
hydrogen also are formed. The overall process operates under the following 
stoichiometric relationship:

I. 2H2O + 2NaCl — 2NaOH + H2 + Cl2 ΔΗ =+543 kJ/g-mole H2

12
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Typical uses for chlorine include a bleaching agent for the pulp and paper 
industry as well as a disinfectant agent. Sodium hydroxide is very common feed stack 
for numerous chemical and material manufacturing processes. The stream of hydrogen 
typically is considered a waste stream. Although some plants recover a portion of this 
waste stream for use as a heat and power fuel source, the majority produced worldwide is 

simply flared, i.e., burned in the atmosphere for disposal. The invention in one aspect 
leverages the product and waste streams from existing chlor-alkali processes as well as 
the CO2 product stream from an air capture system by inserting a Sabatier reduction 
process, which is an exothermic process, downstream of the two previously mentioned 

processes. More particularly, in accordance with the present invention, the CO2 

collected in an air capture system, and the H2 waste stream are combined over a nickel or 

ruthenium catalyst at an elevated temperature to reform these feed streams into CH4 

(methane) and H2O (water) under the stoichiometric conditions:

II. CO2 + 4H2 -+CH4 + 2H2O ΔΗ = -165 kJ/mole @25°C

Thus, in accordance with one aspect of the present invention, carbon dioxide 

from an air capture system and hydrogen gas from a Chlor-alkali process are used as the 

feed streams for a Sabatier process. At low pressure (approximately 1 bar) and 400°C to 

600°C operating temperature, a product stream of methane and water vapour evolves. 
To ensure the permanent sequestration of the carbon in the methane, the methane gas 

may become the feedstock for the plastics processing industry. The methane gas also 
may be burned as a synthetic fuel, or used as a feedstock for forming a liquid synthetic 

fuel.

Additional CO2 sequestration can be achieved by further consolidation of the 

product streams of the chlor-alkali process. As above described, an H2 stream is utilized 
to aid in the sequestration of CO2 through the Sabatier process. An NaOH stream also 

may be utilized to capture and sequester CO2. Specifically, NaOH is a strong solvent for 

CO2. Thus, by exposing the NaOH to the atmosphere, atmospheric CO2 will react with 

the NaOH to form stable carbonates according to the following reactions:

III. 2NaOH + CO2 ^Na2CO3 + H2O and,

IV. NaOH + CO2 -+ NaHCO3

These compounds occur naturally in the environment especially in the oceans. 
Thus, once the NaOH has completely reacted with the CO2 in the atmosphere, the 
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resulting carbonates can be introduced into the ocean where they are complementary to 

the marine life, and may be used by the indigenous marine life to form such vital 
structures as hard coral and shells. Another possibility is the direct injection of NaOH 
into the ocean, changing the pH of the ocean which will allow the ocean to act as an 

atmospheric CO2 collector as described in our aforesaid PCT Patent Application Serial 

No. PCT/US06/029,238.

The chlorine product stream may be safely sequestered in the earth, e.g., via its 
reaction with natural magnesium hydroxide (MgOH). The chlorine would be dissociated 
in water to produce hydrochloric acid which would react with the magnesium hydroxide 
producing magnesium chloride, which has various industrial uses, and water. Another 

possibility would be to leave the mineral salt in situ for permanent mineral sequestration.

Of course, the chlor-alkali product streams of NaOH, Cl2 and HCI also are 

marketable commodities, and thus may be used for revenue generation as opposed to 
disposal.

Yet other possibilities include direct injection of CO2 into deep wells or deep 

ocean storage.

The present invention generates carbon credits at several stages. One carbon 
credit results from removal of CO2 from the air. An additional carbon credit results from 
sequestration of the carbon as sodium carbonate. Two carbon credits are earned by 
conversion of the carbon into sodium bicarbonate. An additional carbon credit also can 

be earned by acid injection of the carbon into minerals, i.e., to form salts, the CO2 passed 
to deep well or deep ocean storage, or sequestration of the carbon into plastics methane 

or synthetic fuel.

Various changes are possible without departing from the spirit and scope of the 

invention. For example, NaOH has been described for reactivating the anionic exchange 
surface sorbent; however, the invention is not limited to the use of sodium hydroxide as a 

sorbent, and other sorbents capable of absorbing carbon dioxide, such as sodium 

carbonate may be used in the present invention. Also, while ion exchange material has 

been described as a preferred material for forming the backbone of the air capture device, 
other air capture devices such as described in our aforesaid PCT/US06/029238 and our 
PCT/US05/029979 advantageously may be employed. Also, rather than cut the 
“noodles” from anion exchange sheet material, threads of anion exchange material may

14
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1 be formed by crushing anionic exchange resin material, and extruding the crushed resin 

material in a binder to form the “noodles” directly. Still other applications may be made 

without departing from the spirit and scope of the invention.

In the specification the term “comprising” shall be understood to have a broad

5 meaning similar to the term “including” and will be understood to imply the inclusion of 

a stated integer or step or group of integers or steps but not the exclusion of any other 

integer or step or group of integers or steps. This definition also applies to variations on 

the term “comprising” such as “comprise” and “comprises”.
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12 THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A process for removing CO2 from outdoor atmospheric-air, comprising the steps 

of passing outdoor atmospheric-air in contact with an apparatus comprising a solid sorbent 

material, whereupon CO2 from said outdoor atmospheric air is captured directly by the solid 

sorbent material; treating the solid sorbent material to remove and concentrate the captured CO2; 

and chemically converting the concentrated CO2 into a useful product.

2. The process of claim 1, wherein said useful product is methane.

3. The process of claim 2, wherein the captured CO2 is converted to methane using a

Sabatier process.

4. The process of claim 1, wherein the useful product is a fuel or a plastic.

5. An apparatus used in the process of any of claims 1 -4, comprising a solid sorbent 

material that directly captures CO2 from outdoor atmospheric air and is exposed to the outdoor 

atmospheric-air.

6. The apparatus of claim 5, wherein the solid sorbent material is formed into a 

shape of a plurality of polygons, squares, rectangles, triangles, trapezoids, pentagons, or 

hexagons, or coated onto a substrate having a shape of a plurality of polygons, squares, 

rectangles, triangles, trapezoids, pentagons or hexagons.

7. The apparatus of claim 5 or claim 6, wherein the solid sorbent material is formed 

into a shape of a spiral wound disc, or coated onto a substrate having a shape of a spiral wound 

disc.

8. The apparatus of any one of claims 5 to 7, wherein the solid sorbent material is 

formed as a plurality of concentric layers, or coated onto a substrate formed as a plurality of 

concentric layers.

9. The apparatus of any one of claims 5to 8, wherein the solid sorbent material is 

formed into a shape of a truncated cone, or coated onto a substrate having a shape of a truncated 

cone.

10. The apparatus of any one of claims 5 to 9, wherein the solid sorbent material is 

formed as a plurality of louvers, or coated onto a substrate which is formed as a plurality of 

louvers.

11. The apparatus of any one of claims 5 to 9, wherein the solid sorbent material is
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12 formed as a mesh, or coated onto a substrate which is formed as a mesh.

12. The apparatus of any one of claims 5 to 9, wherein the solid sorbent material is 

formed as a honeycomb or mesh or coated onto a substrate having a honeycomb or mesh shape.

13. The apparatus of any one of claims 5 to 12, wherein the solid sorbent material is 

formed of a polystyrene or cellulose based anion exchange resin.

14. The apparatus of any one of claims 5 to 13, wherein the apparatus is installed in a 

cooling tower.

15. The process of claim 1, wherein the solid sorbent material (i) comprises an amine, 

(ii) is an anion exchange material, or (iii) is an anion exchange material comprising an amine.

16. The apparatus of claim 5, wherein the solid sorbent material (i) comprises an 

amine, (ii) is an anion exchange material, or (iii) is an anion exchange material comprising an 

amine.

17. An apparatus used in the process of any of claims 1-4, substantially as herein 

described with reference to any one of FIGs. 2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 3A, 3B, 4, 5, 6 or 

7 of the accompanying drawings.

18. A process for removing CO2 from outdoor atmospheric-air, substantially as herein 

described with reference to FIG. 1 or FIG. 7 of the drawings.
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FIG. 7
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