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COMPOSITES FOR CARBON DIOXIDE 
CAPTURE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to U.S. Provisional Patent 
Application No. 61/585,510, filed on Jan. 11, 2012. The 
entirety of the aforementioned application is incorporated 
herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

Not applicable. 

BACKGROUND 

Traditional CO2 sorbents show limited sorption and 
regeneration capacities, especially when used in the pres
ence of natural gas. Furthermore, traditional CO2 sorbents 
are expensive to produce and may require rigid conditions 
for regeneration. Therefore, an ongoing need exists for the 
development of more effective CO2 sorbents. 

SUMMARY 

In some embodiments, the present disclosure pertains to 
composite materials for CO2 capture. In some embodiments, 
the composite materials include: (1) a porous solid support 
with a plurality of porous channels; and (2) a nucleophilic 
source associated with the porous channels of the porous 
solid support. In some embodiments, the nucleophilic source 
is capable of converting the captured CO2 to poly(CO2). In 
some embodiments, the polymerization can occur at pres
sures that range from about 1 atm to about 100 atm. In some 
embodiments, the captured CO2 becomes sorbed to the 
composite material through at least one of physisorption, 
chemisorption, absorption, adsorption and combinations of 
such interactions. 

2 
o-FeOOH, Fe5 HO8 .nH2O, 5Fe2O3 .nH2O, FeOOH.nH2O, 
Fe8Os(OH)6 (SO4 ).nH2O, Fe3

+ 16O1iOH,SO4 ) 12_13 .10-
12H2O, FeIIIXFeIIy(OH)3x+2y--z(A-)z; where A- is c1- or 
0.5So/-, FeO(OH).nH2O, and combinations thereof. 

5 In some embodiments, the nucleophilic source may 
include a metal sulfide, such as iron sulfide. In some 
embodiments, the nucleophilic source may be in the form of 
a nanoparticle having a diameter that ranges from about 0.1 
nm to about 100 nm. 

10 In some embodiments, the weight ratio of the nucleophilic 
source to the porous solid support is 1: 1. In some embodi
ments, the nucleophilic source is part of the porous solid 
support. In some embodiments, the nucleophilic source is 
Fe3 O4 , the porous solid support is CMK-3, and the weight 

15 ratio ofFe3 O4 to CMK-3 is 1:1. In some embodiments, the 
nucleophilic source is PMM, and the porous solid support is 
CMK-3. In some embodiments, the nucleophilic source is 
admantanethiol, and the porous solid support is CMK-3. 

In some embodiments, the nucleophilic source is associ-
20 ated with the porous channels of the porous solid support 

through van der Waals interactions. In some embodiments, 
the nucleophilic source is associated with the porous chan
nels of the porous solid support through covalent bonds. In 
some embodiments, the nucleophilic source is associated 

25 with walls of the porous channels of the porous solid 
support. 

In some embodiments, the composite material has a 
surface area of more than about 1,000 m2/g. In some 
embodiments, the composite material has a surface area 

30 between about 1,000 m2/g and about 3,000 m2/g. In some 
embodiments, the composite material has a surface area of 
at least about 2,500 m2/g. 

Additional embodiments of the present disclosure pertain 
to methods of capturing CO2 from an environment. In some 

35 embodiments, such methods may include associating the 
environment with one or more of the aforementioned com
posite materials to lead to the capture of CO2 from the 
environment. In some embodiments, the methods may also 
include a step of releasing the captured CO2 from the 

40 composite material. In some embodiments, the association 
can lead to the conversion of the captured CO2 to poly(CO2) 
in the composite material. In such embodiments, a releasing 
step may include a depolymerization of the formed poly 

In some embodiments, the porous solid support may 
include at least one of mesoporous carbon sources, glass, 
glass materials made from silicon oxide, metals, sulfur, 
metal oxides, metal nitrides, metal sulfides, metal selenides, 
and combinations thereof. In some embodiments, the porous 45 

solid support may include a mesoporous solid support, such 

(CO2 ). 

In some embodiments, the composite material captures 
CO2 from the environment at a ratio of at least about 35% 
of the composite material's weight. In some embodiments, 
the environment comprises at least one of an industrial gas 
stream, natural gas stream, or a flue gas stream. 

In some embodiments, the composite materials are asso-
ciated with the environment by placing the composite mate
rial in contact with the environment. In some embodiments, 
the associating occurs at pressures that range from about 1 
atm to about 100 atm. In some embodiments, the associating 

55 occurs at pressures of at least about 10 atm. In some 
embodiments, the associating occurs at ambient tempera
tures, such as temperatures that range from about 15° C. to 
about 30° C. 

as a mesoporous carbon source. In some embodiments, the 
porous solid support may include a mesoporous carbon 
source, such as amorphous carbons, carbon black, porous 
carbon black, activated carbons, graphene, expanded graph- 50 

ite, graphene nanoribbons, CMK-3, CMK-1, CMK-5, 
MCM-41, hydroxide-treated carbons ( e.g., hydroxide
treated carbon black), and combinations thereof. In some 
embodiments, the porous solid supports may include pores 
with diameters that range from about 1 nm to about 100 nm. 

In some embodiments, the nucleophilic source may 
include at least one of oxygen-centered nucleophiles, sulfur
centered nucleophiles, nitrogen-centered nucleophiles, 
metal oxides, metal nitrides, metal sulfides, metal selenides, 
and combinations thereof. In some embodiments, the 60 

nucleophilic source is a sulfur-centered source, such as 
sulfides, thiols, mercaptans, poly(mercaptopropyl)methylsi
loxane (PMM), admantanethiol, and combinations thereof. 
In some embodiments, the nucleophilic source may include 
a metal oxide, such as an iron oxide selected from the group 65 

consisting of FeO, a-Fe2O3 , ~-Fe2O3 , y-Fe2O3 , E-Fe2O3 , 

Fe(OH)2, Fe(OH)3 , a-FeOOH, ~-FeOOH, y-FeOOH, 

In some embodiments, the releasing step includes a reduc
tion of pressure. In some embodiments, the pressure is 
reduced to less than about 10 atm. In some embodiments, the 
releasing occurs at temperatures that range from about 15° 
C. to about 30° C. In various embodiments, the releasing can 
occur in the absence of heating or exposure of the composite 
material to electrical current. In some embodiments, the 
composites may be reused to capture additional CO2 from an 
environment after the releasing step. 
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Further embodiments of the present disclosure pertain to 
methods of preparing a composite material for CO2 capture. 
In some embodiments, such methods include: (1) impreg
nation of a nucleophilic source into porous channels of a 
porous solid support; and (2) a reduction of the nucleophilic 5 

source by exposure of the nucleophilic source to a reducing 
agent. In some embodiments, the methods of the present 
disclosure may also include a step of dehydrating the porous 
solid support after impregnating the porous solid support 
with the nucleophilic source. 10 

BRIEF DESCRIPTION OF THE FIGURES 

4 
% for the first run. FIG. 11B shows that the CO2 uptake 
capacity of the S-containing porous carbons remained above 
40% after eight runs. 

DETAILED DESCRIPTION 

It is to be understood that both the foregoing general 
description and the following detailed description are illus
trative and explanatory, and are not restrictive of the subject 
matter, as claimed. In this application, the use of the singular 
includes the plural, the word "a" or "an" means "at least 
one", and the use of"or" means "and/or", unless specifically 
stated otherwise. Furthermore, the use of the term "includ
ing", as well as other forms, such as "includes" and 

FIG. 1 shows schemes for synthesizing composite mate
rials (FIG. 18) and utilizing them to capture CO2 (FIG. lA). 

15 "included", is not limiting. Also, terms such as "element" or 
"component" encompass both elements or components com
prising one unit and elements or components that comprise 
more than one unit unless specifically stated otherwise. 

FIG. 2 shows images relating to the characterization of 
magnetite decorated mesoporous carbon composites 
(Fe3 O4 -CMK-3). FIG. 2A is a transmission electron micro
graph (TEM) of pristine CMK-3, which shows observable 
channels. FIGS. 2B and 2C are TEM images of Fe3O4 -

CMK-3 composites, where the metal oxide particles are 
sub-10-nm sized. The nanoparticles of magnetite can be seen 
tracking with the mesopores rather than randomly dispersed, 
suggesting that they are embedded in the mesopores. FIG. 
2D is a photograph of an Fe3O4 -CMK-3 composite. The 
image demonstrates that the composite has paramagnetic 
behavior when placed near a bar magnet. FIG. 2E shows 
x-ray photoelectron spectroscopy (XPS) data for the Fe3O4 -

CMK-3 (1:1) composites. The XPS data confirm that the 30 

Fe3O4 is mainly localized in the pores of the CMK-3. 
FIG. 3 shows an x-ray diffraction (XRD) pattern of a 

Fe3O4 -CMK-3 composite. 

The section headings used herein are for organizational 
20 purposes and are not to be construed as limiting the subject 

matter described. All documents, or portions of documents, 
cited in this application, including, but not limited to, 
patents, patent applications, articles, books, and treatises, are 
hereby expressly incorporated herein by reference in their 

25 entirety for any purpose. In the event that one or more of the 
incorporated literature and similar materials defines a term 
in a manner that contradicts the definition of that term in this 
application, this application controls. 

Traditional CO2 sorbents, such as activated carbons and 
zeolites, show moderate CO2 sorption capacities, primarily 
due to their high surface areas. However, the selectivity of 
such sorbents to CO2 is limited. This in turn limits the 
application of traditional CO2 sorbents in the oil-related 
fields, where CO2 is in the presence of hydrocarbon gases, FIG. 4 shows photographs of an apparatus that can be 

35 
used to test CO2 uptake by Fe3 O4 -CMK-3 composites under 

organic gases, and inorganic gases. 
Although amine polymer modified silica show good CO2 

selectivity and uptake capacity, they generally need much 
more energy for regeneration (e.g., regeneration tempera
tures of more than 100° C.). Recently, Applicants have 

pressure. 
FIG. 5 is a plot of the weight of a Fe3O4 -CMK-3 (1:1) 

composite as a function of time. The plot was measured after 
the composite was removed from a pressured CO2 chamber 
and placed on a balance. The plot indicates that Fe3O4 -

CMK-3 has a preference for CO2 over CH4 . 

FIG. 6 shows the results of a CO2 capture test by Fe3O4 -

CMK-3 (1:1) composites, as recorded using a Sieverts' 
apparatus at room temperature. 

FIG. 7 is a comparison of CO2 uptake capacities of 
Fe3O4 -CMK-3 composites with different weight ratios of 
Fe3O4 and CMK-3. In this example, Fe3 O4 -CMK-3 com
posites with a 1:1 ratio of Fe3 O4 to CMK3 showed the 
highest CO2 capacity. 

FIG. 8 shows attenuated total reflectance Fourier trans
form infrared spectroscopy (ATR-FTIR) results from experi
ments that were used to monitor Fe3O4 -CMK-3 (1:1) (FIG. 
SA) and CMK-3 (FIG. 8B) composites before and after CO2 

uptake, and during CO2 removal. As discussed in more detail 
in the Examples section, the results indicate that the captured 
CO2 in Fe3O4 -CMK-3 composites forms poly(CO2 ) within 
the composites. 

40 shown that amine polymers could be successfully polymer
ized within mesoporous carbons (CMK-3) to form compos
ites with CO2 sorption capacities. See PCT/US2011/057695. 
Those composites required lower regeneration temperature 
(i.e., about 70° C.). Furthermore, the composites had 13% by 

45 weight CO2 uptake capacity. In addition, the composites 
demonstrated optimal CO2 selectivity over hydrocarbons. 
However, such composites demonstrated limited CO2 sorp
tion capacity under higher pressures, such as pressure ranges 
where oil and natural gas wells are productive ( e.g., 5-70 bar 

50 and more generally 10 bar to 40 bar). 
Therefore, a need exists for designing more effective CO2 

sorbents that can be used for higher pressure conditions, 
such as in oil and gas fields. Furthermore, a need exists for 
providing CO2 sorbents with high CO2 sorption capacities, 

55 high CO2 selectivity, efficient regeneration, regeneration 
without heating (e.g., without heating over 30° C.), and 
reusability. The present disclosure addresses the aforemen
tioned needs. 

FIG. 9 is a scheme that provides a proposed mechanism 
for poly(CO2 ) formation in Fe3 O4 -CMK-3 composites. The 60 

illustrated channels, pores and polymers are not drawn to 
scale. 

In some embodiments, the present disclosure provides 
composite materials for CO2 capture that can provide high 
CO2 sorption capacities, high CO2 selectivity, efficient 
regeneration ( e.g., regeneration at or near room temperature 
using a pressure change), and reusability. Additional 
embodiments of the present disclosure pertain to methods of 

FIG. 10 provides a comparison of CO2 uptake capacities 
of Fe3 O4 -CMK-3 and FeS-CMK-3 composites. 

FIG. 11 provides data relating to the reusability of S-con- 65 

taining porous carbons. FIG. llA shows that the CO2 uptake 
capacity of S-containing porous carbons was about 46.0 wt 

utilizing such composite materials for capturing CO2 from 
an environment. Further embodiments of the present disclo-
sure pertain to methods of preparing the aforementioned 
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composite materials. More specific and non-limiting 
examples of the aforementioned embodiments will now be 
described in more detail herein. 

Composite Materials 
Various aspects of the present disclosure pertain to com

posite materials for CO2 capture. In some embodiments, the 
CO2 capture may be reversible. As described in more detail 
below, CO2 capture may occur by various mechanisms, 
including sorption ( e.g., absorption, adsorption, physisorp
tion, chemisorption, and combinations thereof) and CO2 

polymerization. 
In some embodiments, the composite materials of the 

present disclosure may include: (1) a solid support, such as 

6 
the porous solid supports of the present disclosure may have 
pore diameters that are about 15 nm. 

Nucleophilic Sources 
The porous solid supports of the present disclosure may 

5 be associated with various nucleophilic sources. In some 
embodiments, the nucleophilic sources may be separate 
molecules or nanoparticles that are associated with the 
porous solid supports of the present disclosure. In some 
embodiments, the nucleophilic sources may be components 

10 or parts of the porous solid support framework. For instance, 
in some embodiments, the nucleophilic sources may be 
moieties that are also structural parts of a porous solid 
support matrix. a porous solid support with porous channels; and (2) a 

nucleophilic source associated with the solid support. As set 15 

forth in more detail herein, various solid supports and 
nucleophilic sources may be utilized in the composites of the 
present disclosure. 

In some embodiments, the nucleophilic sources of the 
present disclosure may include at least one of oxygen
centered nucleophiles, sulfur-centered nucleophiles, nitro
gen-centered nucleophiles, and combinations thereof. In 
some embodiments, the nucleophilic sources may include at 
least one of metal oxides, metal nitrides, metal sulfides, 
metal selenides, and combinations thereof. 

Solid Supports 
In some embodiments, solid supports that can be used in 20 

the composites of the present disclosure may include porous 
solid supports. Porous solid supports may include, without 
limitation, mesoporous carbon sources, glasses, glass mate
rials made from silicon oxide, metals, metal oxides, metal 
nitrides, sulfides, metal sulfides, metal selenides, and com- 25 

binations thereof. In some embodiments, the porous solid 
support may be treated with hydroxides. In some embodi
ments, the porous solid support may include one or more 
metals, such as silicon, boron, calcium, cobalt, copper, gold, 
indium, iron, lead, lithium, magnesium, manganese, nickel, 30 

palladium, platinum, potassium, ruthenium, rhodium, 
samarium, scandium, selenium, silver, sodium, tantalum, 
tin, titanium, tungsten, vanadium, zinc, zirconium and com
binations thereof. In some embodiments, the porous solid 
support may be a glass material made from silicon oxide, 35 

such as SBA-15. 

In some embodiments, the nucleophilic source may be a 
sulfur-centered source. In some embodiments, the sulfur
centered source may include at least one of sulfides, thiols, 
mercaptans, and combinations thereof. In some embodi
ments, the sulfur-centered source may be a moiety within a 
porous solid support. In some embodiments, the sulfur
centered source may be a molecule that is associated with 
the porous solid support. In more specific embodiments, the 
sulfur-centered source may include admantanethiol. In some 
embodiments, the sulfur-centered source may include a 
sulfur-containing polymer, such as poly(mercaptopropyl)
methylsiloxane (PMM), poly[(2-hydroxymethyl)thio-
phene], and the like. In some embodiments, the sulfur
centered sources may include water soluble thiophene 
adducts, such as poly(3,4-ethylenedioxythiophene) (PDOT), 
2-(hydroxymethyl)thiophene or 2-mercaptoethanol. 

In some embodiments, the porous solid support may 
include a mesoporous solid support, such as a mesoporous 
carbon source. Mesoporous carbon sources generally refer 
to carbon sources that are porous. In some embodiments, 
mesoporous carbon sources may include at least one of 
amorphous carbons, carbon black, porous carbon black, 
activated carbons, graphene, expanded graphite, graphene 
nanoribbons, hydroxide-treated carbons ( e.g., hydroxide 
treated carbon black), and combinations thereof. In some 
embodiments, the mesoporous carbon sources may be 
derived from micron-sized or nanometer-sized carbon black 
sources that were treated with hydroxide. 

In some embodiments, the mesoporous carbon sources 
may be at least one of graphitized carbon black, powdered 
activated carbons, granular activated carbons, extruded acti
vated carbons, bead activated carbons, polymer coated acti
vated carbons, metal-impregnated activated carbons, and 
combinations thereof. In some embodiments, the mesopo
rous carbon sources may include CMK-3. In some embodi
ments, the mesoporous carbon sources may include CMK-1, 
CMK-5, MCM-41, and combinations thereof. 

The porous solid supports of the present disclosure can 
also have various pore sizes. In some embodiments, the 
porous solid supports may have pore diameters that range 
from about 1 micron to about 10 microns, or from about 0.1 
microns to about 1 micron. In some embodiments, the 
porous solid supports of the present disclosure may have 
pore diameters that range from about 1 nm to about 100 nm. 
In some embodiments, the porous solid supports of the 
present disclosure may have pore diameters that range from 
about 1 nm to about 50 nm. In more specific embodiments, 

In some embodiments, nucleophilic sources may contain 
40 one or more metals, transitional metals or metalloids. In 

some embodiments, the nucleophilic sources may include 
nucleophilic metals, such as metal oxides or metal sulfides. 

In some embodiments, the nucleophilic sources may 
include a metal oxide. In some embodiments, the metal 

45 oxides may include at least one of iron oxides, aluminum 
oxides, zinc oxides, boron oxides, gallium oxides, indium 
oxides, thallium oxides, silver oxides, lead oxides, molyb
denum oxides, magnesium oxides/hydroxides, boron oxides/ 
hyroxides, lithium oxides/hydroxides, potassium oxides/ 

50 hydroxides, calcium oxides/hydroxides, barium oxides/ 
hydroxides, sodium oxides/hydroxides, and combinations 
thereof. In some embodiments, the metal oxides may include 
an iron oxide, such as FeO, a-Fe2 O3 , ~-Fe2O3 , y-Fe2O3 , 

E-Fe2 O3 , Fe(OH)2 , Fe(OH)3 , a-FeOOH, ~-FeOOH, 
55 y-FeOOH, o-FeOOH, Fe5 HO8 .nH2O, 5Fe2 O3 .nH2 O, 

FeOOH.nH2 O, Fe8Os(OHMSO4 ).nH2 O, Fe3
+ 16O1iOH, 

SO4 ) 12_13 .10-12H2 O, FeIIIxFeIIy(OH)3x+2y_zCA-)
2

; where A
is c1- or 0.5So/-, FeO(OH).nH2O, and combinations 
thereof. In some embodiments, the nucleophilic sources may 

60 include Fe3O4 . In some embodiments, the nucleophilic 
sources may include Fe2Oy 

In some embodiments, the nucleophilic sources of the 
present disclosure may include a metal sulfide. In some 
embodiments, the metal sulfide may include, without limi-

65 tation, iron sulfides, aluminum sulfides, zinc sulfides, boron 
sulfides, gallium sulfides, indium sulfides, thallium sulfides, 
silver sulfides, lead sulfides, molybdenum sulfides, magne-
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sium sulfides, boron sulfides, lithium sulfides, potassium 
sulfides, calcium sulfides, barium sulfides, sodium sulfides 
and combinations thereof. 

8 
Methods of CO2 Capture 
Further embodiments of the present disclosure pertain to 

methods of capturing CO2 from various environments. An 
exemplary method of capturing CO2 from an environment is The nucleophilic sources of the present disclosure may 

also have various shapes and sizes. For instance, in some 
embodiments, the nucleophilic sources of the present dis
closure may be in the form of particles, such as micropar
ticles or nanoparticles. In some embodiments, the nucleop
hilic sources of the present disclosure may have diameters 
that range from about 0.1 nm to about 100 nm. In some 
embodiments, the nucleophilic sources of the present dis
closure may have diameters of less than about 15 nm. In 
some embodiments, the nucleophilic sources of the present 
disclosure may have diameters that range from about 0.1 
micrometer to about 100 micrometers. 

5 illustrated in FIG. lA. In this example, CO2 from an envi
ronment is associated with a composite material (Step 10). 
Thereafter, the CO2 from the environment becomes captured 
by the composite material (Step 12). Next, the captured CO2 

is released from the composite material by various mecha-
10 nisms, such as pressure reduction or heat (Step 14). The 

regenerated composite material can then be reused to cap
ture more CO2 from an environment (Step 16). 

As set forth in more detail herein, the methods of cap
turing CO2 can have various embodiments. For instance, 

In some embodiments that are described in more detail 
herein, the nucleophilic sources of the present disclosure are 
capable of converting the captured CO2 to poly(CO2 ). See, 
e.g., FIG. 9. 

15 various methods may be used to associate composite mate
rials with CO2 from different environments. Furthermore, 
various methods may be used to release the captured CO2 

and reuse the regenerated composite materials. In various 
embodiments, the methods of the present disclosure may 

Variations 
20 lack a CO2 release step, or a step of reusing the regenerated 

composites. 
Association of Composite Materials with Environments 
Various methods may be used to associate composite 

materials with various environments. For instance, in some 

The composite materials of the present disclosure can 
include various porous solid supports and nucleophilic 
sources at various weight ratios. For instance, in some 
embodiments, the weight ratio of the nucleophilic source to 
the porous solid support in a composite material may be 1: 1, 
2:1, 3:1, 1:2, or 1:3. In more specific embodiments, the 
weight ratio of the nucleophilic source to the porous solid 
support in the composite material is 1: 1. 

25 embodiments, the association includes incubating the envi
ronment with a composite material. In some embodiments, 
the association occurs by placing the composite material in 
contact with the environment. In some embodiments, the 
composite material is placed in a pipe, and the CO2 -

30 containing environment is flowed through the pipe where it 
comes in contact with the composite material. In some 
embodiments, the composite material is in a floating bed that 
rides on the CO2 -containing environment as it enters as a 

In some embodiments, the nucleophilic source in the 
composite material is Fe3 O4 , and the porous solid support is 
CMK-3 (i.e., magnetite decorated mesoporous carbon or 
Fe3O4 -CMK-3). In further embodiments, the weight ratio of 
Fe3O4 to CMK-3 in the Fe3 O4 -CMK-3 composite is 1:1. In 

35 
some embodiments, the nucleophilic source in the compos-
ite material is poly(mercaptopropyl)methylsiloxane (PMM) 
and the porous solid support is CMK-3 (i.e., PMM-CMK-3). 
In some embodiments, the nucleophilic source in the com
posite material is admantanethiol and the porous solid 40 

support is CMK-3 (i.e., admantanethiol-CMK-3). 

gaseous stream below the bed. 
The composite materials of the present disclosure may be 

associated with environments under various conditions. For 
instance, in some embodiments, the association can occur at 
pressures that range from about 1 atm to about 800 atm, or 
from about 1 atm to about 100 atm. In some embodiments, 
the association can occur at pressures of more than about 10 
atm. 

Likewise, the association can occur at temperatures that 
range from about -190° C. to about 25° C. In some embodi
ments, the association can occur at ambient temperatures, 
such as temperatures that range from about 15° C. to about 
30° C. 

Environments 
The CO2 capture methods of the present disclosure may 

be applied to various environments. In some embodiments, 
the environment may include at least one of an industrial gas 
stream, natural gas stream, or a flue gas stream. In some 
embodiments, the environment is an industrial gas stream. In 
some embodiments, the environment is a natural gas stream. 
In some embodiments, the composite material is within a 

Furthermore, nucleophilic sources may be associated with 
porous solid supports in various manners. For instance, in 
some embodiments, the nucleophilic source is associated 
with the porous channels of the porous solid support. In 45 

some embodiments, the nucleophilic source is associated 
with the porous channels of the porous solid support through 
non-covalent interactions, such as van der Waals interac
tions. In some embodiments, the nucleophilic source is 
associated with the porous channels of the porous solid 50 

support through covalent bonds. In some embodiments, the 
nucleophilic source is associated with walls of the porous 
channels of the porous solid support. In some embodiments, 
the nucleophilic source may be within the walls of the 
porous channels of the porous solid support. 55 structure that is further mounted in an underwater environ-

Moreover, the composite materials of the present disclo
sure can have various surface areas. For instance, in some 
embodiments, the composite materials of the present dis
closure have a surface area of more than about 1,000 m2/g. 
In some embodiments, the composite materials of the pres- 60 

ent disclosure have a surface area between about 1,000 m2/g 
and about 3,000 m2/g. In some embodiments, the composite 
materials of the present disclosure have a surface area of at 
least about 2,500 m2/g. 

As set forth in more detail herein, the composite materials 65 

of the present disclosure can also have various CO2 sorption 
capacities. 

ment, such as a marine environment or a submarine envi
ronment or sub platform environment. In some embodi
ments, the environment is a flue gas stream. In some 
embodiments, the environment is an oil or gas field. In some 
embodiments, the environment that contains the CO2 to be 
captured is a natural gas stream that contains methane, 
ethane, propane, or combinations of such gases. In some 
embodiments, the composite material is within a structure 
that is further mounted in a space vehicle or station. 

CO2 Capture 
The methods of the present disclosure may be used to 

capture CO2 from an environment by various mechanisms. 
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material may absorb CO2 from an environment at a ratio of 
more than 100% of the composite material's weight. 

It is to be understood that, in many embodiments, a CO2 

capture step is often exothermic. Hence, a cooling of the 

For instance, in some embodiments, CO2 capture may 
include the reversible or irreversible capture of CO2 from an 
environment. In some embodiments, CO2 capture may 
involve the capture and programmed rapid release of CO2 

from an environment. In some embodiments, CO2 capture 
may involve the sequestration of CO2 from an environment. 

5 composite and its container may often be helpful or required 
during the capture step. Thus, in some embodiments, the 
CO2 capture step may also involve a subsequent or simul
taneous cooling step. In some embodiments, a cooling step 

In some embodiments, CO2 capture may involve the 
sorption of CO2 to a composite material. In some embodi
ments, the sorption may occur by at least one of absorption, 
adsorption, chemisorption, physisorption and combinations 10 

of such methods. In some embodiments, CO2 capture may 
involve the adsorption of CO2 to a composite material. In 
some embodiments, CO2 capture may involve the absorption 
of CO2 to a composite material. In some embodiments, CO2 

capture may involve the reversible absorption of CO2 by a 15 

composite material. 

may occur prior to the CO2 capture step. 
CO2 Release 
In some embodiments, the methods of the present disclo

sure may also include a step of releasing captured CO2 from 
the composite material. Various methods may also be used 
to release CO2 from a composite material. 

For instance, in some embodiments, the release of cap
tured CO2 may include a reduction of pressure, such as a 
composite's container pressure. In some embodiments, the 
pressure may be reduced to less than about 10 atm. 

In some embodiments, the release of captured CO2 may 

Furthermore, the CO2 may be in various states upon 
capture by the composite materials of the present disclosure. 
For instance, in some embodiments, the captured CO2 may 
be in a gaseous state, a liquid state, or combinations of such 
states. In more specific embodiments, gaseous CO2 may first 
liquefy before it sorbs onto a composite material. 

20 occur at ambient temperature, such as temperatures that 
range from about 15° C. to about 30° C. Thus, in some 
embodiments, the release of captured CO2 can occur in the 
absence of heating. In further embodiments, the release of 
captured CO2 can occur without exposing the composite 

In some embodiments, CO2 capture may involve the 
conversion of CO2 to poly(CO2 ) molecules within the com
posite material. For instance, in some embodiments, the 
captured CO2 may reside primarily as poly(CO2 ) within 
pores of a porous solid support. Without being bound by 
theory, it is envisioned that, in some embodiments, various 
nucleophilic sources may initiate the polymerization of 
captured CO2 to poly(CO2 ) within the pores of the porous 30 

solid support. See, e.g., FIG. 9. In some embodiments, the 
poly(CO2 ) may become thermodynamically stabilized 
within the pores of the porous solid support. In some 
embodiments, the captured CO2 may be in a gaseous state 
when it polymerizes to form poly(CO2 ). In some embodi- 35 

ments (e.g., embodiments where the environment is under 
pressured conditions), gaseous CO2 may first liquefy before 

25 material to electrical current or an applied voltage. 

it forms poly(CO2 ). In more specific embodiments, the 
gaseous CO2 may liquefy as it becomes captured in the 
porous channels (such as by physisorption, chemisorption, 40 

adsorption or absorption). 

In further embodiments, the release of captured CO2 may 
involve a heating step. For instance, in some embodiments, 
the composite material may be heated to more than about 
20° C. and less than about 300° C. 

In some embodiments where the captured CO2 has formed 
poly(CO2), the CO2 release step may include a depolymer
ization of the formed poly(CO2 ). In some embodiments, the 
poly(CO2) depolymerization is induced by the lowering of 
pressure, such as a composite's container pressure. In some 
embodiments, the pressure is lowered to less than about 10 
atm. 

It is also to be understood that, in many embodiments, a 
CO2 release step is often endothermic. Hence, a heating of 
the composite or its container may often be helpful or 
required during the release step. Furthermore, since the 
capture and release steps can often be exothermic and 
endothermic, respectively, an efficient method for CO2 cap
ture and release could be to use a heat transfer between the 

Furthermore, the composite materials of the present dis
closure can capture various amounts of CO2 from an envi
ronment. For instance, in some embodiments, the composite 
materials of the present disclosure can capture CO2 at a ratio 
of between about 20% to about 100% of the composite 
material's weight. In some embodiments, the composite 
materials of the present disclosure can capture CO2 at a ratio 

two separate yet conjoined or nearby composite vessels to 
45 exchange the thermal energies during cycling. 

of at least about 90% of the composite material's weight. In 
some embodiments, the composite materials of the present 50 

disclosure can capture CO2 at a ratio of more than about 
100% of the composite material's weight. In some embodi
ments, the composite materials of the present disclosure can 
capture CO2 at a ratio of greater than 100% of the composite 
material's weight, but less than 500% of the composite 55 

material's weight. In some embodiments, the composite 
materials of the present disclosure can capture CO2 at a ratio 
of greater than 100% of the composite material's weight, but 
less than 200% of the composite material's weight. In some 
embodiments, the composite materials of the present dis- 60 

closure can capture CO2 at a ratio of greater than 10% of the 
composite material's weight, but less than 100% of the 
composite material's weight. 

In more specific embodiments, the composites of the 
present disclosure may reversibly absorb CO2 from an 65 

environment at a ratio ofat least about 35% of the composite 
material's weight. In some embodiments, the composite 

Reuse 
In various embodiments, the composite materials of the 

present disclosure are able to regenerate CO2 sorption capac
ity after CO2 release. Thus, in some embodiments, the 
methods of the present disclosure may also include a step of 
reusing the composite material to capture additional CO2 

from an environment. In some embodiments, the composite 
materials of the present disclosure may be reused multiple 
times without losing CO2 sorption or regeneration capaci
ties. For instance, Applicants envision that the composite 
materials of the present disclosure may be reused anywhere 
from 4-5 times to over 1,000 times without losing CO2 

sorption or regeneration capacities. 
CO2 Storage 
Further embodiments of the present disclosure may also 

include a step of storing the captured CO2 . For instance, in 
some embodiments, the composite materials with the cap
tured CO2 may be subjected to a lower pressure while the 
CO2 that evolves from the composite at these lower pres
sures is pumped below ground or into a pressurized storage 
facility or into an industrial chemical stream. In some 
embodiments, the composite materials with the captured 
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MOFs normally operate on selectivity that is based upon 
molecular size. And since CO2 and CH4 are similar in size, 
selectivity in metal oxide frameworks (MOFs) is generally 

CO2 may be subjected to increased temperature while the 
CO2 that evolves from the composite at these increased 
temperatures is pumped below ground or into a pressurized 
storage facility or into an industrial chemical stream. 

Composite Material Preparation 5 
poor. 

Additional embodiments of the present disclosure pertain 
to methods of preparing composite materials of the present 

Without being bound by theory, and based on the features 
from the combination between the nucleophilic source and 
the porous solid support, Applicants have observed that disclosure. An exemplary scheme for such methods is illus

trated in FIG. 1B, where the methods include: impregnation 
10 

many of the captured CO2 molecules can polymerize within 
the porous solid supports in the presence of the nucleophile 
to form poly(CO2 ). In previous studies, poly(CO2 ) only 
formed at much higher pressures of 1.5 GPa (=15000 

of a nucleophilic source into a porous channels of a porous 
solid support (Step 20); reduction of the nucleophilic source 
(Step 22); and the optional dehydration of the porous solid 
support (Step 24). 

In some embodiments, the nucleophilic source may be 
impregnated into the porous channels of a porous solid 
support while the porous solid support is being formed. In 
such embodiments, the nucleophilic source may become 
part of the porous solid support framework. 

bar,.,14800 atm). Hence, the methods and composites of the 
15 present disclosure substantially enhance the stability of the 

formed poly(CO2 ), thereby promoting more CO2 uptake. 

Various methods may be used to reduce the nucleophilic 20 

source. For instance, in some embodiments, the reduction 
occurs by exposure of the nucleophilic source to a reducing 
agent. In some embodiments, the reducing agent may 
include at least one of formic acid, sodium borohydride, 
alcohol, H2 and combinations thereof. In some embodi- 25 

ments, the reducing agent is H2 . 

Likewise, many of the composite materials of the present 
disclosure (e.g., Fe3O4 -CMK-3) can be spontaneously 
regenerated in minutes when returned to atmospheric pres
sure (e.g., 1 atm). In addition, the regeneration can occur at 
ambient temperatures ( e.g., 23 ° C.) without the need for heat 
treatment, as is required with conventional CO2 sorbents. 
Thus, the composites of the present disclosure may not need 
any heating steps (including thermal swings) that could 
potentially present thermal insults to the composites. As 
such, many of the composite materials of the present dis-

In some embodiments, the nucleophilic source is reduced 
at temperatures that range from about 20° C. to about 100° 
C. In some embodiments, the nucleophilic source is reduced 
at temperatures greater than 100° C. 

closure (e.g., Fe3O4 -CMK-3) can be used over successive 
30 cycles without changing their original CO2 sorption capaci-

Various methods may also be used to optionally dehydrate 
the porous solid support. In some embodiments, the dehy
drating occurs after impregnating the porous solid support 
with a nucleophilic source. In some embodiments, the 
dehydrating occurs by heating the porous solid support. In 35 

some embodiments, the porous solid supports may be heated 
at temperatures of about 110° C. 

ties. 

In view of the aforementioned advantages, the composite 
materials of the present disclosure can provide widespread 
applications in numerous fields, including CO2 capture in oil 
and gas fields. The composite materials of the present 
disclosure can also provide applications in CO2 flux gas 
capture. The composite materials of the present disclosure 
can also be used for CO2 capture in aerospace and submarine 

40 environments. 

In further embodiments, the methods of the present dis
closure may also include a step of oxidizing the nucleophilic 
source. In more specific embodiments where the nucleop
hilic source is a metal salt, the metal salt may be oxidized to 
form a metal oxide. Further embodiments of the present 
disclosure may also include a step of treating the formed 
metal oxide with hydrogen sulfide to form a metal sulfide. In 
more specific embodiments, the metal salt may be impreg- 45 

nated into walls and pores of a porous solid support while 
the porous solid support is being formed. 

Applications and Advantages 
The composite materials of the present disclosure 

50 
improve most of the disadvantages of traditional CO2 sor-
bents by at least providing high CO2 capture, high CO2 

selectivity, effective regeneration, and effective reusability 
over numerous cycles. For instance, as set forth in more 
detail in the Examples herein, many of the composite 55 

materials of the present disclosure (e.g., Fe3O4 -CMK-3) 
have over 35 wt % CO2 uptake capacities at pressures and 
temperatures of -10 atm and 23 ° C., respectively. Such CO2 

uptake capacities are nearly 3-7 times higher than that found 

Additional Embodiments 

Reference will now be made to more specific embodi
ments of the present disclosure and experimental results that 
provide support for such embodiments. However, Appli
cants note that the disclosure below is for illustrative pur
poses only and is not intended to limit the scope of the 
claimed subject matter in any way. 

Example 1. Synthesis and Characterization of 
Nucleophile-Modified Mesoporous Carbon 

Composites 

in zeolites or activated carbons under similar conditions. 
In addition, the composite materials of the present dis

closure can exhibit CO2 selectivity over other gases, such as 
alkane gases (e.g., CH4). Such properties are advantageous 
for CO2 uptake over hydrocarbon uptake in CO2 -containing 65 
natural gas streams. For instance, metal oxide frameworks 
(MOFs) do not generally show such selectivity because 

This example describes the synthesis and characterization 
of various nucleophile-modified mesoporous carbon com
posites, including magnetite decorated mesoporous carbon 
composites (Fe3O4 -CMK-3) and sulfur-containing mesopo
rous carbon composites (e.g., FeS-CMK-3). The composites 

60 were confirmed to have high CO2 sorption capacities, sta
bility and reusability. 

Synthesis of Nucleophile-Modified Mesoporous Carbon 
Composites 

To synthesize the aforementioned composites, Applicants 
combined a mesoporous carbon (CMK-3) with var10us 
nucleophiles, as illustrated in Schemes l(a)-(d). 
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Scheme 1. 

Synthesis routes for four different nucleophile-modified 

mesoporous carbon composites for CO2 capture. 

CMK-3 (mesoporous carbon) -------
Impregnation in 
water tben dry 

at 100° C. 

FeS@CMK-3 

(a) 

(b) 

14 
channel direction. A photograph of the formed Fe3O4 -

CMK-3 composite is shown in FIG. 2D. The image dem
onstrates that the composite has paramagnetic behavior 
when placed near a bar magnet. 

FIG. 1E shows the XPS data for the Fe3O4 -CMK-3 (1:1) 
composite. According to the data, the relative atomic per
centage for the iron atoms (<0.1 %) is much lower than that 
for the carbon and oxygen. Since the XPS is a surface 
sensitive technique, the signals for the species that are under 

10 the surface are greatly attenuated. Hence, the data indicate 
that the magnetite precursors are embedded within the 
mesoporous channels via capillary condensation. During the 
H2 reduction process, the magnetite nanoparticles thereby 
grow within the channels. 

(c) 15 In addition, FIG. 3 shows an x-ray diffraction (XRD) 
pattern of the formed Fe3O4 -CMK-3 composite, confirming 
the presence of magnetite. 

CMK-3 

Otber 
nucleophiles 
impregnated 

Nucleophile@CMK-3 

Nucleophiles ~ adarnantanetbiol, 
poly(mercaptopropyl)metbylsiloxane (PMM), and otber 

organic and inorganic nucleophilic agents 

(d) 

KOH 

600° C., argon 

S-containing porous 
carbon composite 

For instance, scheme l(a) shows the synthesis of magne
tite-modified mesoporous carbon composite (Fe3 O4 -CMK-
3). First, mesoporous carbon (CMK-3) was synthesized by 

CO2 Uptake by the Formed Fe3O4 -CMK-3 Composites 
An apparatus shown in FIG. 4 was used to test the CO2 

20 uptake capacity of the formed Fe3 O4 -CMK-3 composites 
under pressure (e.g., up to 14 bar). Each composite (also 
referred to as sorbent) was put inside a stainless steel 
chamber that was equipped with a leak valve, a pressure 
gauge and a security valve. This was followed by purging 

25 with pure CO2 for 5 minutes. Next, the leak valve was turned 
off. The pressure inside the system was then increased to 10 
atm (145 psi). The temperature remained at 25° C. After 
exposure under pressured CO2 for 15 minutes, the system 
was vented to ambient pressure. Next, the sorbent with 

30 sorbed CO2 was removed to a balance for weight recording. 
Zeolite 13x and CMK-3 were used as controls. The results 

a process that was described previously (i.e., through rep
lication of the structure of the SBA-15 silica template). See 
Hwang, C. et al. ACS Appl. Mater. Interfaces 2011, 3, 4782. 
The pore sizes of the formed mesoporous channels could be 35 

tuned from 2 nm to 10 nm based on the chosen silica 

are summarized herein. FIG. 5 shows a plot relating to the 
CO2 capture capacity of a Fe3 O4 -CMK-3 (1:1) composite 
under pressure (10 bar). According to the plot, one could see 
that, after CO2 uptake by the Fe3 O4 -CMK-3 composite, it 
took -12 min to release all the sorbed CO2 and thereby 

template. return to its original weight. In this example, the Fe3O4 -

CMK-3 (1:1) composite shows -37 wt% CO2 and-5 wt% 
CH4 uptake capacities under 10 bar and room temperature. 

Next, the synthesized CMK-3 was impregnated with 
Fe(NO3 ) 3 .9H2O and stirred for 1 hour. This was followed by 
dehydration at 110° C. overnight. The dried rust-colored 
powder was confirmed to be Fe2 O3 -CMK-3 by x-ray pho
toelectron spectroscopy (XPS) measurements. Thereafter, 
the product was further reduced with hydrogen gas at 400° 

40 Furthermore, the results show that the Fe3 O4 -CMK-3 com
posite has a preference for CO2 uptake rather than CH4 

uptake. 

C. for 1 hour to form Fe3 O4 -CMK-3 composites. 
In addition to gravimetric measurements, a Sieverts' 

apparatus was used to provide a volumetric determination to 
As illustrated in Scheme l(b), the Fe3O4 @CMK-3 com

posite was treated with flowing H2S(g) at room temperature 
for 10 hours to form FeS-CMK-3 composites. As illustrated 

45 monitor the CO2 uptake capacity of Fe3O4 -CMK-3 (1:1) 
composites over a pressure range from 1 to 50 bar. The 
results are shown in FIG. 6. The results show that the 
maximum CO2 uptake capacity reached-35 wt% during the in Scheme 1 ( c ), other nucleophiles, such as admantanethiol 

and poly(mercaptopropyl)-methylsiloxane (PMM), were 
chosen as CO2 capturing agents. In these examples, adman- 50 

tanethiol or PMM were impregnated into the CMK-3. This 
was followed by drying at 110° C. 

In additional examples illustrated in Scheme l(d), sulfur
containing polymers, such as poly[(2-hydroxymethyl)thio
phene], were chosen as a carbon precursor. The precursor 55 

was ground with a given amount of KOH. This was followed 
by carbonization at 600° C. under argon atmosphere. This 
resulted in the formation of sulfur-containing porous carbon 
composites. 

first run before the system was vented to ambient pressure. 
The second run was subsequently carried out after previ
ously sorbed CO2 was removed by evacuation. The results 
indicate that the Fe3O4 -CMK-3 composites have the ability 
to be regenerated by the pressure swing and become reus
able. 

FIG. 7 shows the CO2 uptake capacities of various Fe3 O4 -

CMK-3 composites with different weight ratios of Fe3 O4 

and CMK-3. The numbers in parentheses indicate the weight 
ratios of the Fe3 O4 precursor (Fe(NO3k9H2O) to CMK-3 
during the synthesis (see Scheme l(a)). The results indicate 

Characterization of Fe3 O4 -CMK-3 Composites 
A transmission electron micrograph (TEM) of pristine 

CMK-3 before impregnation with Fe(NO3 ) 3 9H2 O (as illus
trated in Scheme l(a)) is shown in FIG. 2A. The TEM shows 
observable channels within the CMK-3. FIGS. 2B and 2C 

60 that Fe3O4 -CMK-3 composites with an equal weight ratio of 
Fe3 O4 and CMK-3 (1:1) provided the highest CO2 uptake 
capacity. 

are TEM images of the formed Fe3O4 -CMK-3 composites. 65 

The TEM shows that the channels are filled with metal oxide 
particles that are sub-10-nm sized and grow along with the 

Poly(CO2 ) Formation in Fe3 O4 -CMK-3 Composites 
As shown in FIG. 8, the CO2 uptake capacities ofCMK-3 

(FIG. 8B) and Fe3 O4 -CMK-3 composites (FIG. SA) were 
studied by attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR). The measurements were 
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made before and after CO2 uptake at 10 bar. The measure
ments were also made after CO2 removal upon returning the 
pressure to 1 bar of air. Both of the sorbents were first 
charged to 10 bar at room temperature, kept isobaric for 15 
minutes, and then vented back to 1 bar. The ATR-IR for the 5 

samples was then observed over time. 
In the case of the Fe3O4 -CMK-3 composites (FIG. SA), 

the peak at 2345 cm- 1 was assigned to the anti-symmetric 
stretching from CO2 physisorb on the CMK-3 surface, or the 
CO2 that was evolved from the sorbent material. The peak 10 

centered at 1730 cm- 1 was attributed to the carbonyl sym
metric stretching due to the formed poly(CO2 ) that had been 
proven to form only under extremely high pressure (> 1.5 
GPa) in the past. See, e.g., Yoo, C. S. et al., C. Phys. Rev. 
Lett. 1999, 83, 5527. Also see Iota, V. et al., Science 1999, 15 

283, 1510. These results indicate that the addition ofnucleo
philic species (e.g., Fe3 O4 ) to solid supports (e.g., CMK-3) 
could promote the polymerization of the captured CO2 , 

thereby forming poly(CO2 ), even under a moderate pressure 

16 
nucleophiles into CMK-3. This was followed by dehydra
tion at 110° C. (Scheme l(c)). The synthesized PMM
CMK-3 and admantanethiol-CMK-3 composites were tested 
under 10 bar at room temperature. The enhancement of the 
CO2 capture was not noticeable, likely because the mesopo
rous structure of the CMK-3 was blocked by these nucleo
philic species. The results are summarized in Table 1. 

TABLE 1 

CO2 capture performance by CMK-3 modified with other nucleophiles, 
such as poly(mercaptopropyl)methylsiloxane (PMM) and admantanethiol. 

Sample 

PMM-CMK-3 (1:1) 
Admantanethiol-CMK-3 (1:1) 

Pressure 
(bar) 

10 
10 

Period 
(min) 

15 
15 

CO2 capacity 
(weight%) 

8 
14 

In order to show that CO2 uptake levels on a porous solid 
of 10 bar. 

The above ATR-FTIR results also indicate that the poly 
(CO2) could gradually depolymerize over time when at 1 bar 
air. In particular, the results indicate that the formed poly 
(CO2) gradually depolymerized when under ambient air 
pressure. Furthermore, all the CO2 desorbed from the sor
bent within 20 minutes. 

20 support were not solely dependent on the CMK-3 structure, 
Applicants also prepared a mesoporous carbon scaffold that 
had sulfur impregnated as part of the carbon framework. 
Hence, in this Example, the nucleophile is not a subsequent 
additive to the porous solid support. Rather, the nucleophile 

However, only physisorb CO2 was found on CMK-3 
(FIG. SB) when compared to Fe3 O4 -CMK-3 (FIG. SA). 
Such results indicate that the nucleophile plays a significant 
role in producing poly(CO2 ). 

Without being bound by theory, it is envisioned that the 
mesoporous channel likely facilitates CO2 polymerization 
due to the van der Waals interactions of the polymer with the 
pores of the CMK-3. A proposed CO2 uptake and polymer
ization mechanism is illustrated in FIG. 9, where the nucleo
phile initiates the polymerization to make the metal oxide 
carbonate, which in turn attacks another CO2 molecule to 
form the dimer carbonate, which then continues to propagate 
the polymerization. This mechanism is reversible. Once the 
pressure returns back to 1 bar (1 bar=14.6 psi=l atm), the 
poly(CO2 ) gradually depolymerizes. Thus, the depolymer
ized CO2 desorbs from the composite. Accordingly, the 
composite becomes regenerated by the pressure swing. 

Formation and Characterization of Sulfur-Modified Mes
oporous Carbon Composites 

As illustrated in Schemes 1 (b )-1 ( d), various methods may 
be utilized to form sulfur-modified mesoporous carbon 
composites. For instance, as shown in Scheme 1 (b ), the iron 
oxide in the Fe3O4 -CMK-3 composites can be converted to 
iron sulfide by exposing the composite to a stream of H2S. 
This results in the formation of FeS-CMK-3 composites. 
Due to this treatment, the nucleophilicity of the composite 
increases, as Fe-S is more nucleophilic than Fe-O. 

Furthermore, when compared to Fe3O4 -CMK-3, the CO2 

uptake capacity in Fe-S-CMK-3 increases from 37 wt% 
uptake to 44 wt % uptake. The other positive feature of 
Fe-S-CMK-3 is that it is not subject to decomposition by 
H2 S (souring) presence in a gas well, as it is already 
converted to the sulfide system. 

25 is part of the solid scaffold itself. 

30 

The synthetic scheme for preparing the S-containing 
porous carbon is illustrated in Scheme l(d). 14.5 g ofFeCl3 

in 50 mL CH3CN was slowly added to a 1.5 g of 2-(hy
droxymethyl)thiophene (synonyms are 2-thiophenemetha-
no!, 2-thienyl carbinol, and thenyl alcohol) in 20 mL of 
CH3CN. Next, the 2-(hydroxymethyl)thiophene was polym
erized under dehydration conditions to form poly[(2-hy
droxymethyl)thiophene] after filtration with DI water and 1 

35 N HCl(aq). Next, 20 mg of the polymer (i.e., poly[(2-
hydroxymethyl)thiophene]) was ground with 40 mg KOH. 
The mixture was subjected to carbonization for 1 hour at 
600° C. under argon atmosphere. Without being bound by 
theory, treatment with KOH during a carbonization step is 

40 known to facilitate a porous carbon structure. After filtration 
and washing with 1 N HCl(aq) and copious amounts of 
DI-water, the sulfur-containing porous carbon composite 
was obtained. 

As summarized in Table 2, the S-containing porous car-
45 bon showed a 41 wt% CO2 uptake capacity at 10 bar CO2 

pressure. As summarized in Table 3, this result was compa
rable to the CO2 uptake capacities for FeS-CMK-3 and 
Fe3 O4 -CMK-3. Applicants cannot rule out the chances of 
hydroxide being impregnated in the carbon framework and 

50 acting as nucleophilic initiators for the CO2 polymerization. 
The surface area of the S-containing porous carbon was 
determined by the BET method and showed -2500 m2/g, 
which is nearly two times greater than the CMK-3 (-1350 
m2/g). The morphology and surface area could be affected 

55 by amount of the added KOH. As a comparison, sulfur 
powder alone under the same 10 bar CO2 conditions had 11 
wt% uptake of CO2 . 

TABLE 2 
The CO2 uptake capacities of other sulfur-modified mes- 60 

oporous carbon composites were also studied. These 
included poly(mercaptopropyl)methylsiloxane (PMM)
CMK-3 (PMM-CMK-3) and admantanethiol-CMK-3. 

CO2 uptake capacity of the S-containing porous carbon material under 
10 bar at room temperature. 

Pressure Period 
(min) 

CO2 capacity 
(weight%) To synthesize PMM-CMK-3 or admantanethiol-CMK-3, 

CMK-3 was added into a given amount of PMM or adman- 65 

tanethiol in 3 mL of DI-water. The slurry was stirred at room 
temperature for 1 hour to promote impregnation of the 

Sample 

S-containing porous carbon 

(bar) 

10 15 41 



US 9,718,045 B2 
17 

TABLE 3 

Summary of CO2 capture performance for various nucleophile-containing 
CMK-3 composites and sulfur-containing porous carbon. 

Pressure Period CO2 capacity 
Sample (bar) (min) (weight%) 

CMK-3 10 15 13 
Fe30 4 @CMK-3 (1:1) 10 15 37 
FeS@CMK-3 (1:1) 10 15 44 
PMM-CMK-3 (1:1) 10 15 8 
Admantanetbiol-CMK-3 (1 :1) 10 15 14 
S-containing porous carbon 10 15 41 
Sulfur powder 10 15 11 
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3. The method of claim 1, wherein the CO2 is in a gaseous 

state prior to conversion to poly(CO2). 

4. The method of claim 1, wherein the composite material 
captures CO2 from the environment at a ratio of at least 

5 about 35% of the composite material's weight. 
5. The method of claim 1, wherein the environment 

comprises at least one of an industrial gas stream, natural gas 
stream, or a flue gas stream. 

6. The method of claim 1, wherein the contacting occurs 
10 at pressures that range from about 1 atm to about 100 atm. 

7. The method of claim 1, wherein the contacting occurs 
at pressures of at least about 10 atm. 

8. The method of claim 1, wherein the contacting occurs 

15 
at temperatures that range from about 15° C. to about 30° C. 

9. The method of claim 1, wherein the releasing comprises 
a reduction of pressure. 

Furthermore, as summarized in FIG. 11, the CO2 uptake 
capacity of S-containing porous carbons remained substan
tially the same after several regeneration steps. In particular, 
FIG. llA shows that the CO2 uptake capacity of S-contain
ing porous carbons was about 46.0 wt% for the first run. As 
shown in FIG. 11B, the CO2 uptake capacity of the S-con- 20 
taining porous carbons remained above 40% after eight runs. 
These findings indicate that the composite materials of the 
present disclosure can be reusable. 

10. The method of claim 9, wherein the pressure is 
reduced to less than about 10 atm. 

11. The method of claim 1, wherein the releasing occurs 
at temperatures that range from about 15° C. to about 30° C. 

12. The method of claim 1, wherein the releasing occurs 
in the absence of heating. 

Without further elaboration, it is believed that one skilled 
in the art can, using the description herein, utilize the present 25 
disclosure to its fullest extent. The embodiments described 

13. The method of claim 1, wherein the releasing occurs 
without exposing the composite material to electrical current 
or an applied voltage. 

herein are to be construed as illustrative and not as con
straining the remainder of the disclosure in any way what
soever. While the embodiments have been shown and 

14. The method of claim 1, 
wherein the contacting comprises converting CO2 to poly 

(CO2 ) in the composite material, and 
wherein the releasing comprises a depolymerization of the 

formed poly(CO2 ). 

described, many variations and modifications thereof can be 30 
made by one skilled in the art without departing from the 
spirit and teachings of the invention. Accordingly, the scope 15. The method of claim 1, further comprising a step of 

reusing the composite material to capture CO2 from an 
environment, wherein the reusing occurs after the releasing 

35 step. 

of protection is not limited by the description set out above, 
but is only limited by the claims, including all equivalents of 
the subject matter of the claims. The disclosures of all 
patents, patent applications and publications cited herein are 
hereby incorporated herein by reference, to the extent that 
they provide procedural or other details consistent with and 
supplementary to those set forth herein. 

What is claimed is: 
1. A method of capturing CO2 from an environment, 

wherein the method comprises: 
contacting the environment with a composite material, 

wherein the composite material comprises: 
a porous solid support comprising a plurality of porous 

charmels, and 
a nucleophilic source, 

wherein the nucleophilic source is in contact with the 
porous channels of the porous solid support, 

wherein the nucleophilic source is selected from the 
group consisting of sulfur-containing nucleop
hiles, metal oxides, metal nitrides, metal sulfides, 
metal selenides, and combinations thereof, and 

wherein the contacting leads to the capture of CO2 from 
the environment; and 

releasing the captured CO2 from the composite material, 
wherein the releasing occurs under one or more of the 
following conditions: 
conditions comprising a reduction of pressure; 
conditions comprising temperatures that range from 

about 15° C. to about 30° C.; 
conditions comprising the absence of heating; or 
combinations thereof. 

2. The method of claim 1, wherein the contacting com
prises converting CO2 to poly(CO2 ) in the composite mate
rial. 

16. The method of claim 1, wherein the porous solid 
support is selected from the group consisting of mesoporous 
carbon sources, glass, glass materials made from silicon 
oxide, metals, metal oxides, sulfur, metal nitrides, metal 

40 sulfides, metal selenides, and combinations thereof. 
17. The method of claim 1, wherein the porous solid 

support comprises a mesoporous solid support. 
18. The method of claim 1, wherein the porous solid 

support comprises a mesoporous carbon source, wherein the 
45 mesoporous carbon source is selected from the group con

sisting of amorphous carbons, carbon black, porous carbon 
black, activated carbons, graphene, expanded graphite, gra
phene nanoribbons, CMK-3, CMK-1, CMK-5, MCM-41, 

50 

hydroxide-treated carbons and combinations thereof. 
19. The method of claim 1, wherein the nucleophilic 

source comprises a metal oxide. 
20. The method of claim 19, where the metal oxide 

comprises an iron oxide selected from the group consisting 
of FeO, a-Fe2O3 , ~-Fe2 O3 , y-Fe2 O3 , E-Fe2 O3 , Fe(OH)2 , 

55 Fe(OH)3 , a-FeOOH, ~-FeOOH, y-FeOOH, o-FeOOH, 
Fe5 HO8 .nH2O, 5Fe2OynH2O, FeOOH.nH2 O, Fe8O8 (OH)6 

(SO4 ).nH2 O, Fe3
\ 6O1 iOH,SO4 ) 12_13 .10-12H2 O, FeIIIx_ 

FeIIy(OH)3x+2y-zCA-)z; where A- is c1- or 0.5so/-, FeO 

60 

(OH).nH2O, and combinations thereof. 
21. The method of claim 1, wherein the nucleophilic 

source is in contact with the porous channels of the porous 
solid support through van der Waals interactions. 

22. The method of claim 1, wherein the nucleophilic 
source is in contact with the porous channels of the porous 

65 solid support through covalent bonds. 
23. The method of claim 1, wherein the composite mate

rial has a surface area of more than about 1,000 m2/g. 
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24. The method of claim 1, wherein the composite mate
rial has a surface area of at least about 2,500 m2/g. 

25. The method of claim 1, wherein the capture of CO2 

comprises sorption of CO2 to the composite material, 
wherein the sorption is selected from the group consisting of 5 

physisorption, chemisorption, absorption, adsorption and 
combinations thereof. 

26. The method of claim 1, wherein the capture of CO2 

comprises absorption of CO2 to the composite material. 
27. The method of claim 1, wherein the nucleophilic 10 

source is selected from the group consisting of metal oxides, 
metal nitrides, metal sulfides, metal selenides, and combi
nations thereof. 

28. The method of claim 1, wherein the nucleophilic 
source is selected from the group consisting of Fe30 4 , FeS, 15 

and combinations thereof. 
29. The method of claim 1, wherein the nucleophilic 

source comprises Fe30 4 . 

30. The method of claim 1, wherein the weight ratio of the 
nucleophilic source to the porous solid support is 1: 1. 20 

* * * * * 

20 


