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GAS AIDSORPTION AND GAS MIXTURE 
SEPARATIONS USING CARBORANE-BASED 

MOF MATERIAL 

RELATED APPLICATION 

This application claims benefits and priority of provisional 
application Ser. No. 61/010,014 filed Jan. 4, 2008. 

CONTRACTUAL ORIGIN OF THE INVENTION 

This invention was made with government Support under 
contract DE-FG02-01 ER15244 awarded by the U.S. Depart 
ment of Energy. The government has certain rights in the 
invention. 

FIELD OF THE INVENTION 

The present invention relates to methods for adsorption of 
gases Such as carbon dioxide in the separation of carbon 
dioxide from gas mixtures. 

BACKGROUND OF THE INVENTION 

Carbon dioxide is often found as an impurity in natural gas 
and landfill gas, where methane is the major component. The 
presence of CO reduces the energy content of natural gas and 
can lead to pipeline corrosion (references 1-7). If natural gas 
meets established purity specifications, it is designated "pipe 
line quality methane which increases its commercial value. 
To meet pipeline requirements, natural gas must comply with 
strict CO concentration limits, as low as 2% (references 
12.5). 

For the separation of CO from natural gas, several tech 
nologies, such as absorption, cryogenic distillation, mem 
brane separation, and adsorption, have been used. Among 
these technologies, adsorption-based methods such as pres 
Sure Swing adsorption (PSA) are promising because of their 
simple and easy control, low operating and capital investment 
costs, and Superior energy efficiency (references 1, 8, 9). In 
particular, adsorption is advantageous for the case of 
medium-and Small-size processes (references 1,9). After the 
suggestion by Sircar in the late 1980 (reference 10), many 
studies have been performed on PSA processes for the sepa 
ration and purification of CO2 from gaseous streams contain 
ing CH (references 1, 3, 4, 11). 
A key step in the design of PSA processes for the separa 

tion and purification of CO is the selection of a highly selec 
tive adsorbent with a high CO, capacity (references 1, 8, 9, 
11). Most studies of CO/CH separation have focused on 
Zeolites (references 1, 2,6,12,13) and carbon based adsor 
bents (references 3, 4, 8, 13, 14). 

Recently, metal-organic frameworks (MOFs) have been 
recognized as a new family of porous materials that have 
potential applications in separations, sensing, gas storage, 
and catalysis (references 15-17). MOFs consist of metal or 
metal-oxide corners connected by organic linkers. They are 
synthesized in a self-assembly process from these well-de 
fined building blocks and have high porosity and well-defined 
pore sizes. The synthetic strategy opens up the possibility to 
systematically vary pore size and chemical functionality in 
the search for an optimal adsorbent. For separations, an addi 
tional advantage is that MOFs can be regenerated under 
milder conditions than most Zeolites, which require consid 
erable heating and the associated high costs (reference 18). 

To date, most studies of adsorption in MOFs have focused 
on single-component gases, and little is known about mixture 
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2 
behavior even though understanding multicomponent 
adsorption equilibrium is essential for designing adsorption 
based separation processes. For CO/CH mixtures in MOFs, 
all of the published work to date has come from molecular 
simulation. Yang and Zhong used grand canonical Monte 
Carlo (GCMC) to simulate mixtures of CO and CH in 
Cu-BTC and MOF-5 (references 19-20). At 1 bar and 298 
K, they predicted that Cu BTC has a selectivity of about 6 
for CO over CH and MOF-5 has a selectivity of about 2, 
independent of gas-phase composition. Babarao used GCMC 
simulations to compare CO/CH mixtures in MOF-5, the 
Zeolite silicalite, and Ces schwarzite (reference 13). They 
found that MOF-5 has a larger storage capacity, but the selec 
tively is similar in all three materials. Both groups report that 
the simulated mixture behavior matches well with the behav 
ior calculated from single-component isotherms using the 
ideal adsorbed solution theory (IAST) (references 13,19,21). 

SUMMARY OF THE INVENTION 

The present invention provides in one embodiment a 
method for selectively adsorbing carbon dioxide in the sepa 
ration of carbon dioxide from a gas mixture using a polymeric 
crystalline material having a metal-organic framework 
(MOF) that includes a three-dimensional carborane structure. 
The method is useful to separate carbon dioxide from a gas 
mixture of carbon dioxide and a hydrocarbon gas such as, for 
example, methane, propane, and/or propylene, by contacting 
the gas mixture and the MOF material that selectively adsorbs 
carbon dioxide from the mixture. The invention is advanta 
geous for the selective removal of carbon dioxide from natu 
ral gas, landfill gas, and other gas mixtures of CO and CH. 

In an illustrative embodiment of the invention, a MOF 
material useful in practice of the method is represented by the 
formula Zn(OH)(p-CDC), where p-CDC represents a 
deprotonated form of 1,12-dihydroxycarbonyl-1,12-dicarba 
closo-dodecaborane (p-CDCH), providing a CBligand. This 
MOF material selectively adsorbs carbon dioxide from a 
room temperature mixture of carbon dioxide and methane 
and is especially effective to this end at relatively low bulk gas 
pressures and high mole fractions of methane in the mixture. 

Another illustrative MOF material useful in practice of the 
method is represented by the formula Zn (OH)(p-CDC) is 
(L), where L is diethylformamide (DEF) or dimethylforma 
mide (DMF) or other solvent molecule and m is an integer 
from 1 to 4. This MOF material is a precursor that can be 
heated in a manner to form the solvent-free material described 
above in the preceding paragraph (i.e. m is equal to 0) and also 
itself selectively adsorbs carbon dioxide from a room tem 
perature mixture of carbon dioxide and methane in a manner 
relatively independent of bulk pressures and mole fractions of 
methane in the mixture, albeit at a reduced capacity compared 
to the above solvent-free material (i.e. m is equal to 0). 

Other advantages and features of the present invention will 
become apparent from the following detailed description 
taken with the following drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of high-pressure Volumetric 
type adsorption apparatus employed in testing carborane 
based MOF materials of the invention. 

FIGS.2a and 2b are plots of adsorbed amounts of pure CO, 
and CH as a function of bulk gas pressure on material 3, FIG. 
2a, and on material 4, FIG.2b pursuant to the invention. 

FIGS. 3a and 3b show the adsorption isotherms and selec 
tivity of equimolar mixture of CO and CH in material 3 
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(FIG. 3a) and in material 4 (FIG. 3b), respectively, as a 
function of bulk gas pressure at 25°C. 

FIGS. 4a and 4b show the adsorption selectivity of CO, 
over CH in material 3 (FIG. 4a) and in material 4 (FIG. 4b) 
respectively, as a function of bulk mole fraction of CH at 
several pressures (at 25°C.). 

DETAILED DESCRIPTION OF THE INVENTION 

An embodiment of the present invention provides a method 
for selectively adsorbing carbon dioxide in the separation of 
carbon dioxide and a hydrocarbon gas, Such as for example 
methane, using a polymeric crystalline material having a 
metal-organic framework (MOF) that includes a three-di 
mensional carborane structure. The method can be practiced 
by contacting the gas mixture of carbon dioxide and hydro 
carbon gas and the MOF material that selectively adsorbs 
carbon dioxide from the mixture. For purposes of illustration 
and not limitation, the method can be used to separate carbon 
dioxide from a gas mixture that includes carbon dioxide and 
methane, propane and/or propylene. For purposes of further 
illustration and not limitation, the method of the invention can 
be practiced to carry out the well known pressure Swing 
adsorption (PSA) process wherein carbon dioxide of the mix 
ture is selectively adsorbed on the polymeric crystalline MOF 
material at relatively high pressure followed by a reduction in 
pressure for carbon dioxide desorption to regenerate the 
material. Substantially reversible carbon dioxide adsorption 
on and desorption from the MOF material can occur in prac 
tice of the PSA process and others. The invention is advanta 
geous for the selective removal of carbon dioxide from natu 
ral gas, landfill gas, and other gas mixtures of CO and CH. 

In general, carboranes are icosahedral carbon-containing 
boron clusters. For example, dicarbon carboranes have the 
form represented by CB, H, where n is greater than or equal 
to 6 and equal to or less than 12 and can be regarded as 
three-dimensional delocalized aromatic systems in which 
Surface bonding and core bonding correspond to O-bonding 
and U-bonding, respectively. 
The method can be practiced pursuant to an illustrative 

embodiment of the invention using a polymeric crystalline 
material having a metal-organic framework that includes a 
three-dimensional carborane structure. In a particular 
embodiment, the polymeric crystalline MOF material is rep 
resented by the formula Zn(OH)(p-CDC) L, where 
p-CDC (orp-CDC) represents a deprotonated form of 1,12 
dihydroxycarbonyl-1,12-dicarba-closo-dodecaborane 
(p-CDCH), providing a CB ligand, and m is an integer from 
0 to 4. When m is 0, the material comprises the preferred 
polymeric crystalline material Zn(OH)(p-CDC)s, which is 
substantially free of solvents, such as having less than 1% by 
weight of solvents based on the weight of the MOF and 
preferably from 0 to about 0.5% by weight of solvents based 
on the weight of the MOF. The three-dimensional carborane 
structure comprises C and B atoms in an array having a 
three-dimensional icosahedral shape. The material is made by 
coordinating metal cations to a deprotonated form of 1,12 
dihydroxycarbonyl-1,12-dicarba-cloSo-dodecaborane in a 
manner to form the metal-organic framework that includes 
the three dimensional carborane structure. Such MOF mate 
rials, their crystalline structure, and their synthesis are 
described in copending application Ser. No. 12/180,074 filed 
Jul. 25, 2008 of common assignee herewith, the teachings of 
which are incorporated herein by reference to this end. 
Although Zn(II) coordination to the deprotonated form of 
1,12-dihydroxycarbonyl-1,12-dicarba-closo-dodecaborane 
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4 
is described herein, the MOF material can embody any suit 
able metal cation, M, other than Zn(II) in lieu or in addition to 
Zn(II) ions. 

EXAMPLES 

For purposes of illustration and not limitation, a particular 
illustrative material described above can be made by Zn(II) 
(i.e. Zn' cation) coordination to the deprotonated form of 
1,12-dihydroxycarbonyl-1,12-dicarba-closo-dodecaborane 
(p-CDCH) followed by heating at Superambient temperature 
in a manner to remove Some or all of the solvent molecules, 
Such as DEF or DMF. 

Starting materials were purchased from Sigma-Aldrich 
(ACS grade) and used without further purification unless 
otherwise noted. Diethyl ether (EtO) was purified by pub 
lished methods (e.g. Armarego et al. “Purification of Labora 
tory Chemicals'. Butterworh-Heinemann: Oxford, 1996, and 
Pangborn et al., Organometallics, 1996, 15, p. 1518, the 
teachings of which are incorporated herein by reference) and 
deoxygenated with nitrogen prior to use. Deuterated solvents 
were purchased and used as received from Cambridge Iso 
topes Laboratories. 

Analytical testing was conducted as follows. Analytical 
thin layer chromatography (TLC) was performed using glass 
plates pre-coated with silica gel (0.25 mm, 60 A pore size) 
with a fluorescent indicator (254 nn). Visualization was 
accomplished with UV light and/or palladium chloride 
(PdCl) in 6 M hydrochloric acid as a stain. 
Powder X-ray diffraction (PXRD) patterns were recorded 

with a Rigaku XDS 2000 diffiactometer using nickel-filtered 
Cu KO. radiation ( 1.5418 Angstroms). 

Thermogravimetric analyses (TGA) were performed on a 
Mettler-Toledo TGA/SDTA851e. Adsorption isotherms were 
measured with an Autosorb 1-MP from Quantachrome 
Instruments. Infrared spectra were obtained on a BIORAD 
FTS-60 spectrophotometer. "H NMR and 'C NMR were 
done on a Varian Inova 500 spectrometer at 500 MHz and 125 
MHz respectively. ''B NMR was done on a Varian Inova 400 
spectrometer at 128.6 MHz. 
NMR splitting patterns were designated as singlet(s), dou 

blet (d), triplet(t), quartet (q). Splitting patterns that could not 
be interpreted or easily visualized are designated as multiplet 
(m) or broad (bi). Coupling constants are reported in Hertz 
(Hz). 

Preparation of 1,12-Dihydroxycarbonyl-1,12-di 
carba-closo-dodecaborane can be as follows: 

To 2 g (13.9 mmoles) of 1,12-dicarba-closododecaborane 
(p-carborane), dissolved in 150 mL of dry diethyl ether and 
stirred at 0°C., 1.6M (35 mL, 56 mmoles) n-Bulli was added 
via Syringe. The reaction mixture warmed to room tempera 
ture and then refluxed for 1.5 hours. The reaction then was 
cooled to approximately 78° C. utilizing a dry-ice/acetone 
bath. Carbon dioxide gas was bubbled into the reaction mix 
ture for an hour while stirring. Diethyl ether was concentrated 
and the white solid was stirred in 100 mL of 3M hydrochloric 
acid. Precipitate was filtered and washed in the following 
order: chilled water, hexanes, chloroform. The product was 
obtained as white solid (2.81 g, 87% yield) and dried on 
vacuum overnight. 

Single crystals of the product were grown from ethanol: 
water (1:1) by slow evaporation over-several days. 
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Preparation of material 2 represented by Zn(OH) 
(p-CDC), (L), where L is diethylformamide 

(DEF) or dimethylformamide (DMF): 

A. For crystal growth study: exact amounts of Zn(NO)6HO 
(33 mg, 0.11 mmole) and 1.12 dicarboxylic-1,12-dicarba 
closo-dodecaborane (8.3 mg 0.035 mmole) were dis 
solved in avail using 1 ml of diethylformamide (DEF). The 
solution was heated at 80° C. for 24 hours. 

B. Large scale synthesis: exact amounts of Zn(NO)6HO 
(1.20 g, 4.03 mmole) and 1,12-dicarboxylic-1,12-dicarba 
closo-dodecaborane (0.30 g, 1.28 mmole) were dissolved 
in a large Vail using (1:1) dimethylformamide (DMF):etha 
nol (18 ml:18 ml). The solution was heated at 80°C. for 24 
hours. The crystals were collected by filtration, washed 
with DMF followed by ethanol and then dried in air. The 
reaction yielded 480 mg, 32% based on zinc. 

Preparation of Material 4 Represented by Zn(OH) 
(p-CDC) is: 

Crystals of material 2 were evacuated and heated at 300° C. 
for 24 hours in a vacuum oven. 

Preparation of Material 3 Represented by Zn(OH) 
(p-CDC) (DMF), 

Crystals of material 2 were evacuated and heated at 100° C. 
for 24 hours in a vacuum oven. 

X-ray analysis of a single crystal of Zn(OH)(p-CDC). 
(DEF), revealed a structure in which two of the three zinc 
ions are coordinated to two DEF molecules each in an octa 
hedral geometry. In addition, one of the dicarboxylate ligands 
in the structure is ligated to Zinc through only one oxygen 
atom. The Zinc ions are further connected by a triply bridging 
hydroxide ion. The three dimensional topology and connec 
tivity of this material are described in copending application 
Ser. No. 12/180,074 filed Jul. 25, 2008 of common assignee 
herewith, the teachings of which are incorporated herein by 
reference to this end. 

Thermogravimetric analysis (TGA) of Zn(OH) 
(p-CDC) (DEF), revealed mass losses between 125-175° 
C. and 175-250° C., assigned to free and coordinated DEF 
respectively, but no further mass loss up to 500° C. Elemental 
analysis measurements of the crystalline material heated 
under vacuum at 300° C. confirmed the removal of the coor 
dinated DEF. 

Powder X-ray diffraction (PXRD) measurements estab 
lished that although the crystallinity is retained, the structure 
is irreversibly altered. Although a single-crystal structure of 
Zn(OH)(p-CDC), (i.e. the DEF free version of material 
3) has not been obtained, infrared data strongly suggest that 
the partially coordinated carboxylate of material 3 becomes 
fully coordinated in material 4. Nonetheless, the number of 
coordination sites occupied by DEF in material 3 is greater 
than the number of coordination sites needed for complete 
coordination of p-CDC. This mismatch may result in coor 
dinatively unsaturated or at least highly reactive metal sites, 
although applicants do wish or intend to be bound by any 
theory in this regard. 

Carbon Dioxide Adsorption Measurements: 
Samples of known weight were evacuated at the appropri 

ate temperature (300 degrees C. material 4 or 100 degrees C. 
for material 3) under 10 torr dynamic vacuum for 24 hours 
on an Autosorb 1-MP from Quantachrome Instruments prior 
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6 
to gas adsorption measurements. The evacuated sample was 
weighed again to obtain the sample weight. 

Measurements of the adsorption isotherms of CO and CH 
of material 3 and material 4 were made. All of the isotherms 
were measured at 25 degrees C. and up to 18 atmospheres 
pressure using a Volumetric-type apparatus shown Schemati 
cally in FIG.1. The apparatus was composed of an injection 
side, a sample side, a vacuum pump, Valves V1 through V5. 
and a pressure transducer P. Both sides and all the lines were 
located in an environmental chamber to maintain a constant 
temperature. The Volumes of the injection and sample sides 
were measured by He gas. Equilibrium pressures were mea 
sured with an MKS Baratron transducer 627B (accu 
racy:0.12%). The pressure change was monitored in real 
time using LabVIEW software (version 7.1). After an adsor 
bate in the injection side was stabilized at constant Tand P, the 
adsorbate was Supplied from the injection side to the sample 
side so as to contact the sample. Then, the adsorption iso 
therms were measured by the stepwise pressure change. 

Before each measurement, a 60-70 mg sample was evacu 
ated overnight at 100 degrees C. (material 3) or 300 degrees 
C. (material 4) in the sample chamber, and the void volume of 
the chamber plus the sample system was determined by using 
He gas. The pump shown is employed to create a vacuum to 
this end. 

Since the closed system consisted of an adsorbent and an 
adsorbate at a constant Volume, the Sum of the moles of 
adsorbate in the adsorbent and the gas phase was constant 
during each step. Hence, the adsorbed amounts per unit adsor 
bent mass were calculated by the mass balance for a pure gas 
in the injection and sample sides (equation S1) incorporated 
with the generalized viral-coefficient correlation (equation 
S2) see Bae and Lee, Carbon (2005) 43,95: 

PW (S1) 
RT 

PW 
--- 
:RT Moles of gas Moles of gas 

in the injection side in the sample side 
before waive open before valve open 

RT | Moles of gas +M Mass of adsorbent 4 
in the total systein 
after valve open 

(S2) 0.172Y P. 
T4.2 ) T. 

The Volumetric apparatus was tested to be leak-free using 
He gas. In addition, the accuracy of the system was proved by 
measuring CO adsorption on NaY Zeolite (CBV 100, 
Zeolyst), where the expected adsorption is known from prior 
reports in the literature. 

Carbon dioxide (99.9%) and methane (99%) were pur 
chased from Airgas Inc., Radnor, Pa. Gases were passed 
through a zeolite molecular sieve in order to remove residual 
moisture. Pressures were measured with a MKS Baratron 
transducer 627B with the range covering 0-20,000 Torr (accu 
racy of plus or minus 0.12%). The adsorbate was added incre 
mentally and equilibrium was assumed when no further 
change of pressure was observed (within 0.01 kPa). 

FIG. 2a shows the adsorption isotherms of pure CO, and 
CH on material 3 at 25 degrees C. FIG.2b shows the adsorp 
tion isotherms of pure CO, and CH on material 4 at 25 
degrees C. 

For both gases, material 4 shows larger adsorption capaci 
ties than material 3 since material 4 has a larger available pore 
volume due to removal of the coordinated solvent (DEF) from 
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the metal-organic framework. Both materials 3 and 4 have 
considerable selectivity of CO over CH 
Fitting Adsorption Isotherms: 
The Langmuir-Freundlich (LF) isotherm (Equation 1) was 

used to fit the adsorption isotherm of pure gas: 
C–CI(bp")/(1+b p") (equation 1) 

where C is the adsorbed amounts (mol/kg), C is the satu 
ration capacity (mol/kg), p is the gas pressure (atm), and b is 
the affinity constant (1/atm), and n is used to characterize the 
deviation from the simple Langmuir equation. The fitting 
parameters are shown in Table 1 which will be used to predict 
the adsorption of a mixture. The experimental data and the fit 
isotherms are shown in FIGS. 3a and 3b. The adsorption 
isotherms for both gases are well fitted by the LF isothermand 
the fitted isotherms are also shown in FIGS. 4a and 4b. 

TABLE 1. 

Parameters for the LF equation fitted to the 
adsorption isotherms of pure CO2 and CHA 

Adsorbate C, mol/kg B 1 (atm) N - 

Material 3 CO 112SO O.1921 1.1466 
CH 2.7997 O.OSOO 11163 

Material 4 CO, 141285 O.O711 16828 
CH 7.9812 O.O314 1.2614 

With these isotherm parameters, calculations on the 
adsorption isotherms of mixtures were performed using ideal 
adsorbed solution theory (IAST) described by Myers et al. in 
AIChE Journal, 1965, 11, ppp. 121-127, the teachings of 
which are incorporated herein by reference. It has been com 
monly recognized that IAST can give excellent predictions of 
gas mixture adsorption in many Zeolites and recently in 
MOFs (references 2, 19) using experimentally measured 
single-component isotherms as inputs. In separation pro 
cesses, a good indication of the ability for separation is the 
selectivity (S) of a porous material for different compo 
nents in mixtures. The adsorption selectivity in a binary mix 
ture of component A and B is defined as follows: 

Ss B(x4/&B)(VB/VA) (equation 2) 

where X, andy, are the mole fractions of componenti (i A, B) 
in the adsorbed and bulk phases, respectively. 

FIGS. 3a and 3b show the adsorption isotherms for an 
equimolar mixture of CO/CH in material 3 and material 4, 
respectively, as a function of total bulk pressure. For both 
MOF materials 3 and 4, CO is much more preferentially 
adsorbed than CH because of the stronger interaction 
between CO and surfaces of the MOF. The gaps between 
both isotherms are much larger than those shown in the single 
component isotherms in FIGS. 2a and 2b. This is due to the 
competitive adsorptions of CO and CH in the mixture con 
ditions. FIGS. 3a and 3b also represent the predicted adsorp 
tion selectivity of CO over CH. For both metal-organic 
frameworks, the selectivity decreases with the increase of 
pressure. 
As shown in FIGS. 3a, 3b, material 4 gives much larger 

selectivity (selectivity of 5-18) although material 3 still shows 
considerable selectivity (selectivity of 5 to about 5.6). Mate 
rial 4 is among the best materials for this purpose when 
compared with other commonly used adsorption materials. 
Material 3 is a good candidate material for CO/CH separa 
tions and thus is a promising material for the separation and 
purification of CO from CH mixtures. 
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FIGS. 4a and 4b represent the adsorption selectivity toward 

CO as functions of bulk pressure and bulk mole fraction of 
CH for material 3 and material 4, respectively. In case of 
material 3, selectivity is almost constant even though pressure 
or mole fraction changes. Conversely, in case of material 4, 
selectivity varies with the change of pressure or mole fraction. 
As the pressure decreases, the selectivity rapidly increases in 
material 4. In addition, as the pressure goes to dilution region 
(0.1 atm), extremely large selectivity (17 to about 35) can be 
obtained, especially at high mole fractions of CH. This indi 
cates that CO adsorption is extremely dominant at low pres 
Sure range. Hence, operations at low pressures are advanta 
geous if applied to PSA processes, for the purification of 
natural gas and the separation of landfill gas. Importantly, at 
low pressures, the selectivity increases steeply as ya 
approaches to 1.0. This indicates that material 4 will show the 
highest selectively of CO over CH when CO is present in 
very low concentrations, which is the most technologically 
relevant composition. 

Although the invention has been described above in con 
nection with certain illustrative embodiments, those skilled in 
the art will appreciate that the invention is not limited to these 
embodiments and that changes, modifications and the like can 
be made thereto within the scope of the invention as set forth 
in the appended claims. 
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The invention claimed is: 
1. A method of separating carbon dioxide from a gas mix 

ture, comprising contacting the mixture and a material having 
a metal-organic framework that includes a three dimensional 
carborane structure wherein the material selectively adsorbs 
carbon dioxide. 

2. The method of claim 1 wherein the material is repre 
sented by the formula Zn (OH)(p-CDC) is where p-CDC 
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represents a deprotonated form of 1,12-dihydroxycarbonyl 
1,12-dicarba-closo-dodecaborane. 

3. The method of claim 1 wherein the material is repre 
sented by the formula Zn(OH)(p-CDC)(L), where L is a 
Solvent molecule and m is an integer from 1 to 4. 

4. The method of claim3 wherein L is diethylformamide or 
dimethylformamide. 

5. The method of claim 1 wherein said gas mixture includes 
a hydrocarbon gas. 

6. The method of claim 5 wherein the hydrocarbon gas 
comprises methane, propane, and/or propylene. 
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7. The method of claim 1 that separates carbon dioxide 

from natural gas. 
8. The method of claim 1 that separates carbon dioxide 

from landfill gas. 
9. The method of claim 1 including the further step of 

substantially reversible carbon dioxide desorption from the 
material. 

10. The method of claim 1 that uses the pressure Swing 
adsorption process for separation of the mixture. 

k k k k k 


