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NITROGEN-PERMEABLE MEMBRANES AND 
USES THEREOF 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims the bene?t of US. Provisional 
Application No. 61/336,518, ?led on Jan. 22, 2010, the dis 
closure of Which is incorporated herein by reference in it 
entirety. 

FIELD OF THE INVENTION 

The invention relates generally to membranes that are 
selectively permeable for certain gaseous species. More par 
ticularly, the invention relates to nitrogen-permeable mem 
branes and uses thereof. 

BACKGROUND 

The United States produces over 300 GW of poWer from 
pulverized coal combustion. This poWer output, representing 
about 50 percent of the total annual poWer output, is respon 
sible for more than 30 percent of annual CO2 emissions in the 
United States. In order to reduce CO2 emissions from coal 
combustion, it is desirable to retro?t existing coal-?red poWer 
plants With post-combustion capture technology. Currently, 
amine scrubbing is the technology of choice for post-com 
bustion capture of CO2. HoWever, amine scrubbing technol 
ogy comes With its challenges and still has not proven to be 
successful on the scale of carbon capture required for the 
current coal ?eet. 

It is against this background that a need arose to develop the 
nitrogen-permeable membranes and related methods and sys 
tems described herein. 

SUMMARY 

One aspect of the invention relates to a nitrogen-permeable 
structure. In one embodiment, the nitrogen-permeable struc 
ture includes: (a) a porous support; and (b) a nitrogen-perme 
able membrane adjacent to the porous support and including 
a ?rst metal and a second metal. The ?rst metal is selected 
from niobium, tantalum, and vanadium, and the second metal 
is different from the ?rst metal. For example, the ?rst metal 
can be alloyed or doped With the second metal. 

Another aspect of the invention relates to a method of 
operating a nitrogen-permeable membrane. In one embodi 
ment, the method includes: (a) providing a nitrogen-perme 
able membrane having a feed side and a permeate side, 
Wherein the nitrogen-permeable membrane includes a ?rst 
metal and a second metal, the ?rst metal is selected from 
niobium, tantalum, and vanadium, and the ?rst metal is at 
least one of alloyed and doped With the second metal that is 
different from the ?rst metal; and (b) exposing the feed side of 
the nitrogen-permeable membrane to a feed stream including 
nitrogen, such that atomic nitrogen is transported across the 
nitrogen-permeable membrane from the feed side to the per 
meate side. 

Other aspects and embodiments of the invention are also 
contemplated. The foregoing summary and the folloWing 
detailed description are not meant to restrict the invention to 
any particular embodiment but are merely meant to describe 
some embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of the nature and objects of 
some embodiments of the invention, reference should be 
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2 
made to the folloWing detailed description taken in conjunc 
tion With the accompanying draWings. 

FIG. 1 illustrates a nitrogen-permeable structure imple 
mented in accordance With an embodiment of the invention. 

FIG. 2 illustrates a coal-?red poWer plant including the 
nitrogen-permeable structure of FIG. 1, according to an 
embodiment of the invention. 

FIG. 3 illustrates a nitrogen-permeable structure imple 
mented for selective removal of N2 from air, according to an 
embodiment of the invention. 

FIG. 4 illustrates a nitrogen-permeable structure imple 
mented for ammonia synthesis, according to an embodiment 
of the invention. 

FIG. 5 illustrates simulated structures corresponding to N2 
and CO2 molecules adsorbed on V surfaces, according to an 
embodiment of the invention. 

FIG. 6 is a plot of density of states for atomic nitrogen in 
tWo different VRu alloys, according to an embodiment of the 
invention. 

FIG. 7 illustrates various binding sites on V(110) and 
V(111) surfaces, according to an embodiment of the inven 
tion. 

FIG. 8 is a plot of calculated binding energies for various 
binding sites on V(1 10) and V(1 11) surfaces, according to an 
embodiment of the invention. 

FIG. 9 illustrates a possible dissociation pathWay of N2 on 
a V(110) surface, according to an embodiment of the inven 
tion. 

FIG. 10 illustrates various con?gurations of nitrogen in a 
bcc lattice, according to an embodiment of the invention. 

FIG. 11 illustrates various 0- and T-sites of nitrogen in a 
bcc lattice of pure V, according to an embodiment of the 
invention. 

FIG. 12 illustrates calculated absorption energies for vari 
ous O- and T-sites of nitrogen in a bcc lattice of pure V, 
according to an embodiment of the invention. 

FIG. 13 is a plot of absorption energy of nitrogen in a bcc 
lattice as a function of concentration of atomic nitrogen, 
according to an embodiment of the invention. 

FIG. 14 is a plot of kMC-calculated diffusivity and experi 
mentally-measured diffusivity as a function of temperature, 
according to an embodiment of the invention. 

FIG. 15 is a plot of a charge density difference for nitrogen 
at an O-site of pure V, according to an embodiment of the 
invention. 

DETAILED DESCRIPTION 

De?nitions 

The folloWing de?nitions apply to some of the aspects 
described With respect to some embodiments of the invention. 
These de?nitions may likeWise be expanded upon herein. 
As used herein, the singular terms “a,” “an,” and “the” 

include plural referents unless the context clearly dictates 
otherWise. Thus, for example, reference to an object can 
include multiple objects unless the context clearly dictates 
otherWise. 
As used herein, the term “adjacent” refers to being near or 

adjoining. Adjacent objects can be spaced apart from one 
another or can be in actual or direct contact With one another. 

In some instances, adjacent objects can be coupled to one 
another or can be formed integrally With one another. 
As used herein, the terms “substantially” and “substantial” 

refer to a considerable degree or extent. When used in con 
junction With an event or circumstance, the terms can refer to 
instances in Which the event or circumstance occurs precisely 
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as Well as instances in Which the event or circumstance occurs 

to a close approximation, such as accounting for typical tol 
erance levels or variability of the embodiments described 
herein. 

Nitrogen-Permeable Membranes 

Attention ?rst turns to FIG. 1 and FIG. 2, Which illustrate 
an embodiment of a nitrogen-permeable structure 100 and an 
embodiment of a coal-?red poWer plant 200 including the 
nitrogen-permeable structure 100. By Way of previeW, the 
illustrated embodiments relate to a selective-nitrogen tech 
nology that takes advantage of the driving force of molecular 
nitrogen (e.g., N2) in a feed stream 104 of ?ue gas. This 
technology implements a nitrogen-permeable membrane 102 
in the form of a catalytic, dense membrane on Which N2 
dissociates and then diffuses through the membrane 102 as 
atomic nitrogen (e.g., N). When referring to a “dense” mem 
brane, it is contemplated that such a membrane is substan 
tially non-porous, since atomic nitrogen can diffuse through 
interstitial sites of a lattice or spaces betWeen atoms that form 
the membrane. 
As illustrated in FIG. 2, the poWer plant 200 includes a 

furnace 208, Which carries out pulveriZed coal combustion to 
produce heated steam and ?ue gas. The heated steam is con 
veyed to a generator 202 that produces electricity, While the 
?ue gas is conveyed to a ?ue 206 for release into the atmo 
sphere. Referring to FIG. 1 and FIG. 2, the nitrogen-perme 
able structure 100 along With the membrane 102 are included 
in a ?ue gas scrubbing unit 204, Which is coupled betWeen the 
furnace 208 and the ?ue 206. The CO2 concentration in the 
?ue gas of pulverized coal combustion is typically too small 
of a driving force to take advantage of a conventional mem 
brane technology for selective CO2 capture. Advantageously, 
the illustrated embodiments provide indirect CO2 capture by 
selectively removing N2 from the ?ue gas stream 104, thereby 
yielding an output stream 106 that is enriched in CO2. A mass 
fraction of N2 in the ?ue gas stream 104 can be about 73 
percent (about 77 mol. percent) With a C02 mass fraction at 
about 18 percent (about 12 mol. percent). The poWer plant 
200 can have an operational capacity of about 500 MegaWatt 
electric (“MWe”), and can emit on average about 1,800 tons/ 
hr (about 18,000 mol/ s) of N2. Therefore, in order to effec 
tively create the CO2 output stream 106 that is substantially 
devoid of N2, the membrane 102 can be implemented to 
capture N2 at this rate. The captured N2 can be released into 
the atmosphere through the ?ue 206, or can be collected for 
storage. In addition to the nitrogen-permeable structure 100, 
the ?ue gas scrubbing unit 204 can include conventional ?ue 
gas scrubbing equipment, such as a selective catalytic reduc 
tion unit for NO,C removal, a ?ue gas desulfuriZation unit for 
SO,C removal, an electrostatic precipitator for particulate 
removal, and a compression unit for Water vapor removal. By 
leveraging the selective-nitrogen technology along With con 
ventional ?ue gas scrubbing equipment, this combined tech 
nology has the capability of providing the substantially pure 
(e. g., up to about 96 percent or more in terms of mass fraction 
or mol. percent) CO2 output stream 106 for subsequent trans 
port and storage. The nitrogen-permeable structure 100 is 
desirably coupled directly after the furnace 208 to take advan 
tage of the elevated temperature environment, although the 
positioning of the nitrogen-permeable structure 100 can be 
varied for other implementations. 

Referring to FIG. 1, the nitrogen-permeable structure 100 
has a cylindrical or tubular con?guration, in Which the feed 
stream 104 enters the nitrogen-permeable structure 100 
through one opening 108, is conveyed through an inner pas 
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4 
sageWay, and then exits through another opening 110 as the 
output stream 106. As the feed stream 104 is conveyed 
through the inner passageWay, an inner, feed side of the mem 
brane 102 is exposed to the feed stream 104, such that 
molecular nitrogen is captured and transported as atomic 
nitrogen across the membrane 102. Once transported across 
the membrane 102, atomic nitrogen undergoes recombina 
tion and desorption back to molecular nitrogen that is 
released adjacent to an outer, permeate side of the membrane 
102. Other con?gurations of the nitrogen-permeable struc 
ture 100 are contemplated, such as other planar or non-planar 
con?gurations. It is also contemplated that the feed stream 
104 can be conveyed across an exterior of the nitrogen-per 
meable structure 100, such that nitrogen is captured adjacent 
to an outer, feed side of the membrane 102 and transported 
across the membrane 102 for release Within the inner pas 
sageWay and adjacent to an inner, permeate side of the mem 
brane 102. 

In the illustrated embodiment, the membrane 102 includes 
a primary metal, such as one selected from Group 5 metals 
(e.g., niobium (“Nb”), tantalum (“Ta”), and vanadium (“V”)) 
that have strong binding characteristics toWards nitrogen and 
can facilitate adsorption, dissociation, and diffusion of nitro 
gen at elevated temperatures similar to the post-furnace con 
ditions of a coal-?red poWer plant. Along With their desirable 
binding characteristics, Group 5 metals typically have a body 
centered cubic (“bcc”)-based crystalline structure, Which 
provides a desirable lattice spacing to alloW diffusion of 
atomic nitrogen through a bulk of the crystalline structure. In 
addition to the primary metal, the membrane 102 includes at 
least one secondary metal, such as one selected from Group 8 
metals (e.g., iron (“Fe”) and ruthenium (“Ru”)), Group 9 
metals (e.g., cobalt (“Co”)), Group 10 metals (e.g., nickel 
(“Ni”), palladium (“Pd”), and platinum (“Pt”)), and Group 1 l 
metals (e.g., copper (“Cu”), gold (“Au”), and silver (“Ag”)). It 
Will be understood that metals such as Ag, Au, Pd, and Pt also 
can be referred as precious metals. 

Advantageously, the inclusion of a secondary metal alloWs 
transport and other characteristics of a primary metal to be 
adjusted to desirable levels. Speci?cally, the secondary metal 
can be included as an alloying or doping material, such as by 
alloying or doping the primary metal With the secondary 
metal to form a binary or higher order alloy With improved 
transport characteristics relative to the absence of the second 
ary metal. Such improvements in transport characteristics can 
arise from geometric effects, such as by adjusting a lattice 
spacing, electronic effects, such as by adjusting a charge 
distribution Within a lattice, or a combination of both effects. 
For example, atoms of the secondary metal (e.g., Ru) can be 
included Within the lattice in place of atoms of the primary 
metal (e. g. , V), thereby yielding a lattice expansion to provide 
an improved lattice spacing for atomic nitrogen diffusion. As 
another example, the inclusion of the secondary metal Within 
the lattice can yield a lattice contraction or expansion to 
provide an improved selectivity toWards diffusion of atomic 
nitrogen, relative to diffusion of a competing atomic species. 
As a further example, alloying or doping With the secondary 
metal can in?uence an electronic structure and related charge 
distribution of the lattice, thereby reducing an interaction 
betWeen atoms of the primary metal and atomic nitrogen and 
enhancing transport of atomic nitrogen through the lattice. By 
appropriate selection of the secondary metal and by control 
ling an amount of the secondary metal, transport characteris 
tics of the membrane 102 can be optimally tuned. For 
example, the amount of the secondary metal as an alloying or 
doping material can be no greater than about 15 percent by 
Weight of a resulting alloy, such as no greater than about 10 
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percent by Weight, or no greater than about 5 percent by 
Weight, and doWn to about 0.5 percent by Weight, doWn to 
about 0.1 percent by Weight, or less. For certain implemen 
tations, the amount of the secondary metal can be no greater 
than about 5 percent by Weight so as to substantially retain a 
mechanical Workability of the primary metal. Alternatively, 
or in combination With alloying or doping, the secondary 
metal can be incorporated as a coating, such as one applied by 
sputtering or another suitable deposition technique, or in the 
form of nanoparticles, Whether in the form of a coating or 
dispersed Within a bulk of the membrane 102. 
Under a high partial pressure of N2 in the feed stream 104 

(e.g., about 0.77 atm), N2 can be adsorbed to under-coordi 
nated top sites of an exposed surface of the membrane 102. 
Due to the under-coordination of the tops sites, these sites can 
readily donate electron density into the anti -bonding orbitals 
of N2, Which Weakens the triple bond of N2 leading to its 
dissociation. Adsorption of N2 also can occur at other binding 
sites, such as short-bridge, long-bridge, and three-fold sites in 
the case of a (110) surface, and step sites in the case of a 
stepped surface. Advantageously, N2 can bind to the mem 
brane 102 preferentially over another gaseous species such as 

CO2. 
Catalytic activity on both sides of the membrane 102 canbe 

a relevant design parameter, since N2 undergoes dissociation 
on the feed side of the membrane 102 prior to diffusion and 
then undergoes (1) recombination and desorption or (2) reac 
tion With hydrogen to produce ammonia on the permeate side 
(as further explained With reference to FIG. 4). Factors rel 
evant to such catalytic activity include the bond strength of N2 
adjacent to an exposed surface of the membrane 102 and 
related dissociation barrier, as Well as energetic costs to acti 
vate adsorbed nitrogen for either recombination to N2 or for 
further reaction With hydrogen to produce ammonia. At 
elevated temperatures similar to the post-furnace conditions 
of a coal-?red poWer plant, at least a fraction, if not all, of the 
barrier for N2 dissociation can be available, With any remain 
ing fraction supplied by a suitable source of energy. Modify 
ing an exposed surface of the membrane 102 can loWer the 
dissociation barrier, such as through alloying or doping With 
a secondary metal that catalyZes N2 dissociation at the 
exposed surface. Alternatively, or in combination, nanopar 
ticles of the secondary metal can be deposited on the exposed 
surface to provide a catalytic surface area and a high concen 
tration of under-coordinated sites to facilitate N2 dissociation. 

After N2 dissociation, the resulting atomic nitrogen can 
diffuse into the subsurface and undergo hopping through 
interstitial octahedral-sites (or O-sites) and tetrahedral-sites 
(or T-sites) of a lattice. For example, the diffusivity of atomic 
nitrogen in a V lattice can be a function of temperature, 
ranging from about 2.79><10'l 6 cm2/ s at about 573 K to about 
8.00><10_6 cm2/s at about 2,098 K. By comparison, the diffu 
sivity of atomic hydrogen in Pd at about 1,000 K is about 
5><10_4 cm2/ s, and can serve as a target diffusivity for certain 
implementations. Modifying the V lattice by alloying or dop 
ing With a secondary metal can yield enhanced diffusivities 
comparable to, or exceeding, the target diffusivity. For 
example, doping the V lattice With Ru can enhance the diffu 
sivity of atomic nitrogen by decreasing its stability at O-sites 
Within the V lattice. Elevated temperatures (e.g., about 1,000 
K to about 1,300 K) present under post-fumace conditions 
can further facilitate the diffusion of atomic nitrogen across 
the membrane 102. 

Transport of nitrogen across the membrane 102 can be 
calculated With reference to an atomic ?ux, since molecular 
nitrogen dissociates prior to diffusion across the membrane 
102. The ?ux of atomic nitrogen across a bulkV lattice can be 
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6 
represented as: NN:—DM(ACN/6M), Where NN is the atomic 
?ux, DM is the diffusivity across the membrane 102, ACN is 
the change in atomic nitrogen concentration across the mem 
brane 102, and 6M is a membrane thickness. It Will be under 
stood that the equation for the atomic ?ux can be further 
generalized by replacing the diffusivity With a permeability of 
atomic nitrogen across the membrane 102. Values for param 
eters relevant to the atomic ?ux can be calculated for nitrogen 
and compared With those of hydro gen in Pd for the case Where 
hydrogen is separated from a re?nery fuel gas mixture gen 
erating about 10><106 scf/day at about 3 atm and including 
about 50 percent hydrogen mixed With methane, ethane, 
Water, and CO2 (compared to about 1.3><106 scf/min of ?ue 
gas at about 1 atm for a 500 MWe poWer plant). In this case, 
about 70 percent of the hydrogen is recovered using a mem 
brane reactor technology With a hydrogen uptake rate of about 
52.5 mol/s. A surface area of the membrane 102 can be 
obtained by dividing a molar ?oW rate uptake (e. g., absorbed 
into the membrane 102) by the atomic ?ux calculated using 
the above equation. Using a target membrane diffusivity of 
about 10'4 cm2/ s, a concentration gradient of about 0.0033 
mol/L, and a membrane thickness of about 1 pm, the target 
atomic ?ux for nitrogen is about 7.26><10‘6 H1Ol/S*CII12,Wh1Ch 
yields a surface area of about 1.09><106 m2 assuming an 
uptake rate of about 36,000 mol/ s of atomic nitrogen or about 
18,000 mol/s of molecular nitrogen entering or exiting the 
membrane 102. Values used in carrying out these calculations 
for nitrogen and hydrogen are set forth in Table 1 beloW. 

TABLE 1 

Nitrogen “Hydrogen 

DM[CIn2/S] V/Exp: 4.13 X 1077 5 X 10*1 
RuV/Theory: 10“1 (1000K) 

(1300K) 
Ac,- [mol/L] 0.0033 0.003 
pm") [atm] 0.74 0.69 
PM”) [atm] 0.37 0.35 
6M[6m] 1.0 X 1074 1.0 X 10“1 
N,- [IHOl/S*CIH2] 7.26 X 1076 15 X 1076 
M, [mol/s] 36000 52.5 
SA [m2] 1.09 X 106 276 

Through alloying or doping a primary metal (e. g., V) With 
a secondary metal (e.g., Ru), the membrane 102 can have 
further optimiZed values for its catalytic activity and transport 
characteristics toWards nitrogen, such as a diffusion barrier in 
the range of about 0.26 eV to about 0.42 eV, a diffusivity in the 
range of about 2.2><10_4 cm2/ s to about 2.62><10_3 cm2/s, an 
atomic ?ux for nitrogen in the range of about 7.26><10'6 
mol/s’l‘cm2 to about 8.6><10_5 mol/s*cm2, a permeability in 
the range of about 1><10_8 mol/(m s PaO'5) to about 1><10_7 
mol/(m s Pao's), a N2 dissociation barrier in the range of about 
0.4 0V to about 0.5 eV, a surface-subsurface barrier in the 
range of about 0.747 eV to about 0.9 eV, and a nitrogen 
turnover-to-ammonia rate in the range of about 8 sites to 
about 10 site“1 s_l, Where these values are speci?ed for a 
temperature in the range of about 1,000 K to about 1,300 K, 
such as about 1,000 K or about 1,300 K. 

Still referring to FIG. 1, the nitrogen-permeable structure 
1 00 is multi-layered, in Which the membrane 102 corresponds 
to an inner layer and is concentrically positioned adjacent to 
a porous support 112 that corresponds to an outer layer. The 
porous support 112 can be implemented using, for example, 
porous stainless steel having a pore siZe (e.g., an average pore 
diameter) su?icient to alloW passage of N2 or another gaseous 
species of interest. It is contemplated that the relative posi 
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tions of the membrane 102 and the porous support 112 can be 
reversed for other implementations. 

During manufacturing of the nitrogen-permeable structure 
100, the membrane 102 can be formed adjacent to the porous 
support 112, such as through sputtering, chemical vapor 
deposition, or another suitable deposition technique, or can 
be pre-formed as a foil and then laminated adjacent to the 
porous support 112, such as through application of heat or 
pressure. In the case of deposition, a primary metal and a 
secondary metal can be co-deposited to produce an alloy, 
sequentially deposited and then reacted to produce an alloy or 
can be reacted to produce an alloy that is then deposited 
adjacent to the porous support 112. 

Although the thickness of the membrane 102 can be 
reduced to enhance the ?ux of atomic nitrogen, the membrane 
102 should be substantially gas-tight to avoid or reduce leak 
age through pin-holes or other defects. In terms of balancing 
betWeen these competing considerations, the thickness of the 
membrane 102 can be, for example, no greater than about 40 
um, such as no greater than about 30 um, no greater than about 
20 or no greater than about 10 um, and doWn to about 5 pm, 
doWn to about 1 or less. Such thickness of the membrane 102 
can provide a desirable atomic ?ux, While retaining structural 
integrity of the membrane 102 and avoiding or reducing leak 
age paths through the membrane 102. Operation of the mem 
brane 102 can be carried out at, or near, atmospheric pressure, 
such as by taking advantage of the high partial pressure of N2 
on the feed side and employing a slight vacuum or a H2 sWeep 
gas on the permeate side. As such, bursting of the membrane 
102 is a lesser design constraint, relative to other membrane 
technologies that are operated under high pressures. As illus 
trated in FIG. 1, the nitrogen-permeable structure 100 also 
includes an oxide layer 114, such as an alumina layer, Which 
is concentrically positioned betWeen the membrane 102 and 
the porous support 112 and serves to inhibit intermetallic 
diffusion. 

The selective-nitrogen technology explained above has a 
number of other uses in addition to indirect CO2 capture in 
coal-?red poWer plants. Also, although certain embodiments 
are explained above With reference to nitrogen, it is contem 
plated that additional embodiments can be implemented to 
alloW adsorption and dissociation of other small molecules 
(e.g., O2, H2, or CO), as Well as subsequent atomic diffusion 
through a bulk crystalline structure (e. g., diffusion of O, H, or 
C). 

For example, and referring to FIG. 3 for the case of air 
separation, molecular oxygen (e. g., O2) can be preferentially 
dissociated and transported as atomic oxygen (e. g., O) across 
a dense membrane, by leveraging the loWer dissociation bar 
rier for oxygen relative to nitrogen. More speci?cally, an 
oxygen-permeable structure 300 is implemented for selective 
removal of O2 from air, in Which a feed stream 304 of air 
enters the oxygen-permeable structure 300, is conveyed 
through an inner passageWay, and then exits as an output 
stream 306. As the feed stream 304 is conveyed through the 
inner passageWay, molecular oxygen is captured and trans 
ported as atomic oxygen across the oxygen-permeable struc 
ture 300. In such manner, the output stream 306 is enriched in 
N2. Once transported across the oxygen-permeable structure 
300, atomic oxygen undergoes recombination and desorption 
back to molecular oxygen that is released adjacent to an 
exterior of the oxygen-permeable structure 3 00. The captured 
oxygen can be stored or conveyed to a subsequent stage in an 
Integrated Gasi?cation Combined Cycle (“IGCC”) plant or 
an oxy-combustion plant. It is also contemplated that the feed 
stream 3 04 can be conveyed across the exterior of the oxygen 
permeable structure 300, such that oxygen is captured and 
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8 
transported across the oxygen-permeable structure 300 for 
release Within the inner passageWay. It is further contem 
plated that a dense membrane can be similarly implemented 
for selective removal of N2 from natural gas. 

As another example, and referring to FIG. 4, a nitrogen 
permeable structure 400 is implemented for chemical synthe 
sis, in Which a feed stream 404 of substantially pure N2 enters 
the nitrogen-permeable structure 400, is conveyed through an 
inner passageWay, and then exits as an output stream 406 that 
can be recycled back and combined With the feed stream 404. 
In the illustrated embodiment, a stream 416 of H2 as a sWeep 
gas is conveyed across an exterior of the nitrogen-permeable 
structure 400. As the feed stream 404 is conveyed through the 
inner passageWay, molecular nitrogen is captured and trans 
ported as atomic nitrogen across the nitrogen-permeable 
structure 400. Once transported across the nitrogen-perme 
able structure 400, atomic nitrogen reacts With H2 to produce 
ammonia via the reaction: 2*N+3H2Q2NH3. In such man 
ner, ammonia can be readily produced through direct hydro 
genation With H2 of atomic nitrogen and under moderate 
conditions of pressure. It is also contemplated that the feed 
stream 404 can be conveyed across the exterior of the nitro 
gen-permeable structure 400, While the stream 416 of H2 can 
be conveyed through the inner passageWay. It is further con 
templated that the nitrogen-permeable structure 400 can be 
similarly implemented to carry out both indirect CO2 capture 
and ammonia synthesis in coal-?red poWer plants. 

EXAMPLES 

The folloWing examples describe speci?c aspects of some 
embodiments of the invention to illustrate and provide a 
description for those of ordinary skill in the art. The examples 
should not be construed as limiting the invention, as the 
examples merely provide speci?c methodology useful in 
understanding and practicing some embodiments of the 
invention. 

Example 1 

Material Screening Using Density Functional Theory 
(“DPT”) Simulations 

DFT simulations are carried out to understand hoW N2 
adsorbs to V surfaces and hoW its adsorption can compete 
against CO2 adsorption. Additionally, simulations are carried 
out to determine the hopping mechanism of atomic nitrogen 
in bulk V and its corresponding diffusivity. Simulation data 
agrees Well With experimental data that Was available. Addi 
tionally, it is observed that, by doping V With Ru, the elec 
tronic structure of V can be tuned to in?uence a hopping 
barrier of atomic nitrogen in the bulk. 

Surface reactivity is investigated through reaction pathWay 
investigations of dissociative N2 adsorption on a feed side of 
a membrane and associative desorption, in addition to ammo 
nia synthesis, on a permeate side of the membrane. Initially, 
minimum free energies of reactant, intermediate, and product 
species are calculated to determine the most thermodynami 
cally stable pathWay. Due to the tightly packed nature of 
crystals, a harmonic approximation to transition state theory 
(“hTST”) is used for diffusion and reaction studies in crystals 
or at crystal surfaces. Rate constant calculations based upon 
hTST are carried out using Eqn. (1): 
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(1) 

i 

Where viz-"it and vi“ are vibrational frequencies of initial and 
transition structures, respectively, and the difference, E“ 
E””’, is an activation barrier along a minimum energy path 
(“MEP”). The MEP and transition structures are calculated 
using a climbing image nudged elastic band (“Cl-NEB”) 
method. Within the Cl-NEB method, a series of con?gura 
tions, namely “images,” betWeen initial and ?nal con?gura 
tions are connected by springs and alloWed to relax simulta 
neously to the MEP. Additional details regarding the Cl-NEB 
method can be found in SonWane et al., “Achieving Optimum 
Hydrogen Permeability in PdAg and PdAu Alloys,” J. Chem. 
Phys., 125(18), 184714 (2006) and SonWane et al., “Solubil 
ity of Hydrogen in PdAg and PdAu Binary Alloys Using 
Density Functional Theory,” J. Phys. Chem. B, 110(48), 
24549-24558 (2006), the disclosures of Which are incorpo 
rated herein by reference in their entirety. 
BulkV crystal lattices are modeled With a periodic 2><2><2 

bcc cell corresponding to a supercell of 16 atoms. VRu alloy 
simulations are carried out by replacing V atoms With Ru 
atoms at speci?c nearest-neighbor locations around T- and 
O-sites of nitrogen. Based on the phase diagram of VRu 
alloys, a total concentration of Ru atoms is kept beloW 15 
percent (by Weight) to maintain the bcc structure of V. Simu 
lations are run for a range of nitrogen concentrations corre 

sponding to c:0.0625 (6.25 at. percent), 0.125 (12.5 at. per 
cent), and 0.25 (25 at. percent). Nitrogen atoms are placed at 
speci?c interstitial locations, and all the atoms are alloWed to 
relax to their equilibrium positions. The relaxation is per 
formed With a conjugate-gradient method until the force on 
all of the unconstrained atoms is less than 0.01 eV/A. Nitro 
gen is initially placed at both T- and O-sites, but the ?nal 
con?guration converges to the O-sites, thereby indicating that 
the T-sites are typically not a stable location for nitrogen 
atoms in the bcc crystal structure of V. An absorption energy 
of nitrogen at the O-sites is calculated using Eqn. (2): 

(2) 

Where the energy terms on the right-hand side represent the 
material With the nitrogen absorbed at an appropriate site, the 
bulk material, and the gas -phase nitrogen. The strength of the 
absorption energy at a given site is a measure of the stability 
of that site and provides information about the solubility of 
nitrogen in the material. Large negative absorption energies 
indicate a stable binding site, While positive energies can be 
inferred as a site that Will tend to be unoccupied. The atomic 
charge of nitrogen is calculated using a Bader charge analysis. 
Within the Bader analysis, a continuous electron density is 
partitioned into regions bounded by a minima of a charge 
density. 

Pure V and its alloys are simulated as three-dimensional 
in?nite periodic structures by de?ning a supercell and peri 
odic boundary conditions in all three principal axes. Simula 
tions are carried out using Vienna ab initio Simulation Pack 
age. Electron exchange correlation effects are incorporated 
by a generaliZed-gradient approximation using the PerdeW, 
Burke and EmZerhof functional With a plane-Wave expan 
sion. A plane-Wave expansion cutoff of 450 eV is applied, and 
a surface Brillouin Zone integration is calculated using a 
gamma-centered 4><4><4 Monkhorst-Pack mesh. Methfessel 
and Paxton Gaussian smearing of order 1 is used With a Width 
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10 
of 0.2 eV to accelerate convergence of total energy calcula 
tions. Geometric optimization is performed using the conju 
gate-gradient method until an absolute value of the forces on 
unconstrained atoms is less than 0.03 eV/A. 
As an initial stage of the procedure, an analysis of available 

material composition phase diagrams is performed. This 
analysis veri?es that a material of interest is thermodynami 
cally stable at compositions of interest. Ranges of composi 
tions are determined, and accurate model crystal structures 
and phase (e.g., bcc, fcc, and so forth) are veri?ed by com 
paring the DPT-predicted lattice constant to experimental 
data. Additionally, to validate the choice of basis set used 
Within a DFT code, molecular geometries, X-ray photoelec 
tron spectroscopy (“XPS”) binding energies, HOMO-LUMO 
gaps, and vibrational frequencies of the gas-phase adsorption 
species are compared against experimental data. From this 
point, surface and bulk simulations are carried out. The sur 
face simulations alloW understanding of surface-site prefer 
ence for N2 dissociation. A density of states analysis is carried 
out so that mechanisms of dissociation can be understood and 
compared With experimentally derived atom speci?c pro 
jected states from X-ray emission spectroscopy (“XES”) and 
X-ray absorption spectroscopy (“XAS”). Within the bulk 
simulations, binding and hopping activation energies are used 
for the calculation of solubility and diffusivity, respectively. 
Again, a density of states analysis is carried out to determine 
mechanisms of binding Within the bulk lattice and compared 
With experimental XAS and XES data. A ?nal nitrogen per 
meability is then calculated as proportional to a product of the 
solubility and diffusivity. 

Nitrogen solubilities are calculated using plane Wave DFT 
to determine binding energies along With Sieverts’ constant to 
obtain solubility predictions. A diffusion coef?cient is esti 
mated using the kinetic Monte Carlo (“kMC”) approach, 
involving a ?rst passage time (“FPT”) method that includes 
the use of Einstein’s equation. Rate constants are used for 
de?ning a hopping probability for the kMC simulations, and 
are estimated using an activation energy associated With each 
type of hop, that is, O—>T (octahedral- to tetrahedral-site), 
T—>O (tetrahedral- to octahedral-site), T—>T (tetrahedral- to 
tetrahedral-site), and O—>O (octahedral- to octahedral-site). 
Within a V bulk crystal, the primary mechanism of nitrogen 
hopping is expected to be via OQO hops. Cell expansion as 
a function of nitrogen concentration Within the material is 
also taken into account Within the solubility and diffusivity 
predictions. 

The folloWing operations are carried out for the solubility 
predictions: 

(a) Calculate a nitrogen absorption energy: A binding 
energy is a function of nearest-neighbor (“NN”) and next 
nearest-neighbor (“NNN”) sites based upon a local alloy 
composition, since doping the V lattice With alloying atoms 
such as Ru is also considered. 

(b) Calculate Sieverts’ constant using Eqn. (3): When solu 
bility is discussed, the term “absorption” is used, since it 
pertains to a nitrogen capacity of a given material. 

Where [3:1/kBT, k3 is BoltZmann’s constant, DE is the classi 
cal dissociation energy, Eabs is the absorption energy, h is 
Planck’s constant, 0t is a function of I and m, I is a molecular 
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moment of inertia, vN and \INZ are vibrational frequencies of 
nitrogen in V and the gas phase, respectively, and m is the 
mass of the N2 molecule. The solubility is estimated using 
032 KsPNzl/z, Where 0 is the solubility, K5 is Sieverts’ con 
stant, and PN2 is the N2 partial pressure in the gas phase. 
The folloWing operations are carried out for the diffusivity 

predictions: 
(a) A kinetic rate constant for individual hops is calculated 

using Eqn. (4): 

(4) 

Where vi is a normal mode frequency for an energy minimum 
at the O- or T-site, v]-* is a normal mode frequency for a 
transition state, 647 is a Zero-point energy of nitrogen at the 
energy minimum, 647* is a Zero-point energy at the transition 
state, E, is an activation energy barrier (Em-ET) or (Em-E0) 
for O—>T or TQO hops, respectively, k3 is BoltZmann’s con 
stant, and T is the temperature of the system. A Zero-point 
energy correction is estimated using ENZPIVZhZViN, Where h 
is Planck’s constant, and vl-N are individual vibrational modes 
of atomic nitrogen in the lattice associated With a given site. 

(b) kMC simulations are used along With Einstein’s equa 
tion to calculate diffusion coe?icients. 

FolloWing nitrogen placement, a random-number genera 
tor With an input seed is used for the kMC simulations. Using 
V as an example, each O—>O hop (that is, O-TS-O) is 
accepted With a probability of 1, since nitrogen bound to an 
O-site represents a loWer energy state than When bound to a 
T-site. Each O—>T hop is accepted With a probability of 2kO1J 
km or higher. For each cell, the number of T-sites is double 
that of O-sites, and is accounted for in the probability of hops 
from O- to T-sites. Regardless of the outcome of each 
attempted hop, the time is incremented by l/(4NkTO), Where 
N is the total number of nitrogen atoms. 
A classical method of estimating a diffusion coef?cient 

involves a measurement of a distance betWeen each atom (at 
time t?l) from its starting position (t:0) and then averaging 
distances of several atoms at a given time. The classical 
method, hoWever, can suffer from errors associated With edge 
effects of a lattice boundary. This de?ciency can be overcome 
by modifying the classical method according to (a) the FPT 
method and (b) by releasing nitrogen atoms in a central 
spherical space. In the FPT method, the time to cross a certain 
distance from a starting position for the ?rst time is counted 
and used for the estimation of the diffusion coef?cient using 
Eqn. (5): 

‘ IN 2 <5) 

0:332 Wigwam-Rim >. 

Where Rl-(t) is the position of an atom at time t, and N is the 
number of nitrogen atoms. 

Example 2 

Results of DFT Simulations 

Adsorption of N2 on V(l l0) and Density of States 

To investigate the relative stability of N2 versus CO2 on aV 
surface, adsorption simulations Were carried out for these 
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12 
molecules on a V(l 10) surface. In bcc crystals, the 110 is 
typically energetically stable, since it is typically the most 
closed-packed surface. As con?rmed With DFT simulations, a 
surface energy of the 1 10 surface is about 4 eV loWer than that 
of the 100 surface. Surfaces Were simulated using 4 layers, 
With the bottom tWo layers ?xed, and a 10 A vacuum layer to 
avoid interactions With periodic images. Simulations Were 
carried out With N2 and CO2 molecules at 1/4 coverage on the 
top site and oriented perpendicular to the surface. Final simu 
lated structures are illustrated in FIG. 5. A binding energy of 
N2 is calculated to be quite stable (—0.56 eV) on this site via 
an exothermic adsorption process. In comparison, binding of 
a C02 molecule is found to be unstable, involving the appli 
cation of +0.9 eV of energy to alloW adsorption to the surface. 
Calculations Were also carried out With the CO2 molecule 
oriented parallel to the surface, and this orientation Was found 
to be even less stable by more than an order of magnitude. 
From these calculations, little binding of CO2 molecules is 
expected on a V surface. On the other hand, N2 molecules are 
expected to bind strongly, even on clean, defect-free surfaces. 

FIG. 6 is a plot of density of states for atomic nitrogen in 
tWo different VRu alloys: a) VlsRul and b) V14Ru2. In both 
cases, there are tWo peaks that represent an existing interac 
tion betWeen nitrogen and V. The strongest interaction corre 
sponds to a sharp peak at about —1 6 eV, and a second peak is 
more diffuse at about —6 eV. Increasing the local Ru concen 
tration yields a slight broadening of a nitrogen peak and an 
increased interaction With Ru, Which is evident in FIG. 6b at 
about —3 eV. The increased interaction betWeen nitrogen and 
Ru is expected to destabiliZe nitrogen at an O-site, depending 
upon a distance betWeen nitrogen and Ru. 

Example 3 

Results of DFT Simulations 

Adsorption ofN2 on V(l l0) and V(l l l) and 
Dissociation PathWay 

Adsorption simulations Were carried out for N2 molecules 
on V(ll0) and V(lll) surfaces. Surfaces Were simulated 
using 7 layers, Where the top 3 layers are alloWed to relax. 
FIG. 7 illustrates various binding sites on the V(ll0) and 
V(l l 1) surfaces, and FIG. 8 is a plot of calculated binding 
energies (i.e., adsorption energies in this context) for these 
binding sites. Calculations Were carried out With the N2 mol 
ecules oriented perpendicular to the surfaces and oriented at 
an angle of about 45° relative to the surfaces (denoted as 
“titled” in FIG. 8). Binding of N2 is calculated to be quite 
stable on various sites via an exothermic adsorption process. 

Possible dissociation pathWays for N2 molecules on 
V(l l0) and V(l l 1) surfaces Were investigated. FIG. 9 illus 
trates a possible dissociation pathWay on a V(ll0) surface, 
including a N2 molecule initially bound to a top site on the 
surface, a set of transition states, and dissociated nitrogen 
atoms bound to respective long-bridge sites on the surface. 

Example 4 

Results of DFT Simulations 

Absorption of Nitrogen in V 

For bulk diffusion simulations, nitrogen atoms are placed 
at O-sites of a pure V crystal and Within VRu alloys With 
different neighboring atomic con?gurations. FIG. 10 illus 
trates various con?gurations of nitrogen in a bcc lattice, 
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Where atoms that form an octahedral nearest-neighbor shell 
are emphasized for clarity. Binding energies (i.e., absorption 
energies in this context) and Bader charges that correspond to 
each of the con?gurations are set forth in Table 2 beloW. A 
nitrogen atom is bound most strongly at the O-site of the pure 
V lattice, and addition of Ru as a doping material acts to 
reduce the interaction betWeenV and nitrogen, thereby Weak 
ening the binding energy. This can be an important factor 
since maximizing permeability for nitrogen is in?uenced by 
both its diffusivity and its solubility. If atomic nitrogen is too 
soluble, that is, too stable as the nitrogen concentration 
increases, then diffusion can be limited. Accordingly, a 
dopant, such as Ru, is desirable so that transport characteris 
tics can be optimally tuned. Weakening of the binding energy 
also can be observed through the Bader charge of a nitrogen 
atom set forth in Table 2. In all cases, the nitrogen atom is 
gaining on the order of tWo electrons from the crystal. As the 
interaction betWeen V and nitrogen decreases, the amount of 
charge density gained by the nitrogen atom can also decrease. 
This behavior agrees Well With the electronegativities of each 
of these atoms (nitrogen:3.04, Ru:2.3, V:1.63). In addition 
to Weakening the binding energy of nitrogen When Ru is 
located in the nearest-neighbor (or next nearest-neighbor) 
shell, higher concentrations of Ru can reduce the number of 
O-sites available for binding by loWering the stability of 
nitrogen at those sites. For example, in a con?guration With 
tWo neighboring Ru atoms, the absorption energy is positive, 
Which indicates that the site is no longer a stable binding site. 

TABLE 2 

Eabs Q 
Composition Con?guration [eV] [E—] 

V16 A —2.37 —2. 14 
V15Ru1 B —1.68 —2.00 
V15Ru1 C —1.30 —1.99 
V15Ru1 —2.26 —2.16 
V14Ru2 D —0.78 —1.90 
Vl4Ru2 E —0.39 —1.92 
V14Ru2 0.19 —1.93 

Simulations Were also carried out by placing nitrogen 
atoms at O- and T-sites With different neighboring atomic 
con?gurations. FIG. 11 illustrates various O- and T-sites of 
nitrogen in a bcc lattice of pure V, and FIG. 12 illustrates 
calculated absorption energies for some of those sites. Nitro 
gen binding to the O-site is more stable, although binding to 
both O- and T-sites are possible at loWer nitrogen concentra 
tions. 

To investigate the in?uence of higher concentrations of 
atomic nitrogen on the absorption energy, simulations Were 
also carried out With 2 and 4 nitrogen atoms in the 16-atom 
unit cell. Partial density of states Was calculated by projecting 
electron Wave functions onto spherical harmonics centered on 
nitrogen and metal atoms. FIG. 13 is a plot of absorption 
energy as a function of concentration of atomic nitrogen. 
Increasing the nitrogen concentration yielded an initial slight 
increase in the absorption energy, folloWed by a decrease in 
the absorption energy (and a reduced stability) at a higher 
concentration of atomic nitrogen. This decrease in the absorp 
tion energy can at least partly arise from lattice expansion at 
higher concentrations of atomic nitrogen (e.g., 1.01 percent 
for 6.25 at. percent of nitrogen, 2.35 percent for 12.5 at. 
percent of nitrogen, and 4.03 percent for 25 at. percent of 
nitrogen). As the absorption energy decreases, it is expected 
that the amount of charge density gained by a nitrogen atom 
can also decrease. 
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Example 5 

Results of DFT Simulations 

Bulk Diffusivity of Nitrogen in V 

Nudged elastic band calculations Were carried out to inves 
tigate pathWays, transition states, and corresponding activa 
tion barriers associated With OiO hopping in pure V crystal 
compared With VRu alloys. Calculations Were carried out for 
atomic nitrogen in the pure V crystal and in the VRu alloys, 
With the initial and ?nal O-site con?gurations de?ned by B 
and C in FIG. 10, respectively. In pure V, an activation barrier 
calculated With DFT is about 1.1 eV. This value is about 4 
times that of the hydrogen diffusion barrier in bulk PdCu 
alloys. In comparison, experimental measurements of nitro 
gen diffusion yield a value of about 1.4 eV. The difference 
betWeen theory and experiment likely stems from the 
assumption of perfectly crystalline periodic structures in the 
simulations. Addition of a single Ru atom in the lattice 
reduces the activation barrier to about 0.42 eV, Which results 
in a substantially higher probability of hopping. To investi 
gate hoW this reduction in activation barrier translates into a 
modi?cation of nitrogen diffusivity, simulations Were carried 
out With kMC to determine the diffusivity at high tempera 
tures. The kMC-calculated diffusivity is plotted against 
experimental measurements in FIG. 14 as a function of tem 
perature. To investigate hoW alloying a V crystal With Ru can 
in?uence nitrogen diffusion, simulations Were carried out 
assuming the dominant hopping mechanism is from an O-site 
With only V atoms to an O-site With a single Ru atom at one 
corner. As can be observed in FIG. 14, a reduction in the 
activation barrier With the addition of the Ru dopant results in 
an increase in the diffusivity by several orders of magnitude at 
temperatures approaching 2000 K. 

Example 6 

Results of DFT Simulations 

Charge Density 

Increasing a concentration of atomic nitrogen in a pure V 
crystal changes an absorption energy of each individual nitro 
gen atom, With a smaller change observed in the density of 
states and in the Bader charge of nitrogen. This trend suggests 
that the change in absorption energy is primarily due to geo 
metric effects, although electronic effects can also play a role 
and, for example, can arise from a cooperative expansion of 
the lattice at higher concentrations. To investigate a spatial 
distribution of the charge density resulting from interstitial 
nitrogen, a charge density difference is averaged along the 
Z-axis and is calculated using Eqn. (6): 

Where L2 is the length of an unit cell in the Z-direction, p(x,y) 
is an average charge density in the (x,y) plane of the V lattice 
With the absorbed nitrogen, pbulk(x,y) is an average charge 
density in the (x,y) plane With the nitrogen removed, and 
pN2(x,y) is an average charge density With the V atoms 
removed. A plot of the charge density difference for nitrogen 
at an O-site of pure V at a concentration of c:0.125 is illus 
trated in FIG. 15. A positive increase in the charge density 
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represents an increase in the number of electrons, Which is 
shown at the position of the nitrogen atoms. Surrounding each 
nitrogen atom is a negative charge difference, Which repre 
sents a decrease in the number of electrons from the V atoms 
consistent With nitrogen’ s higher electronegativity. The local 
iZation of the charge density around each nitrogen atom can 
be seen in FIG. 15, With little interaction betWeen neighbor 
ing occupied O-sites that is consistent With density of state 
results. 

While the invention has been described With reference to 
the speci?c embodiments thereof, it should be understood by 
those skilled in the art that various changes may be made and 
equivalents may be substituted Without departing from the 
true spirit and scope of the invention as de?ned by the 
appended claims. In addition, many modi?cations may be 
made to adapt a particular situation, material, composition of 
matter, method, or process to the objective, spirit and scope of 
the invention. All such modi?cations are intended to be Within 
the scope of the claims appended hereto. In particular, While 
the methods disclosed herein have been described With ref 
erence to particular operations performed in a particular 
order, it Will be understood that these operations may be 
combined, sub-divided, or re-ordered to form an equivalent 
method Without departing from the teachings of the invention. 
Accordingly, unless speci?cally indicated herein, the order 
and grouping of the operations are not limitations of the 
invention. 
What is claimed is: 
1. A nitrogen-permeable structure, comprising: 
a porous support; and 
a nitrogen-permeable membrane adjacent to the porous 

support and including a ?rst metal and a second metal, 
Wherein the ?rst metal is selected from vanadium, nio 
bium, and tantalum, and the second metal is different 
from the ?rst metal, 

Wherein an amount of the second metal is no greater than 5 
percent by Weight, and the second metal is ruthenium. 

2. The nitrogen-permeable structure of claim 1, Wherein 
the ?rst metal is vanadium. 

3. The nitrogen-permeable structure of claim 2, Wherein 
the ?rst metal is at least one of alloyed and doped With the 
second metal. 

4. The nitrogen-permeable structure of claim 2, Wherein 
the nitrogen-permeable membrane is substantially non-po 
rous. 

5. The nitrogen-permeable structure of claim 2, Wherein 
the nitrogen-permeable membrane is selectively permeable 
toWards nitrogen. 

6. The nitrogen-permeable structure of claim 2, Wherein 
the nitrogen-permeable membrane is con?gured to facilitate: 
(a) adsorption of molecular nitrogen onto the nitrogen-per 
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meable membrane; (b) dissociation of the molecular nitrogen 
into atomic nitrogen; and (c) transport of the atomic nitrogen 
through the nitrogen-permeable membrane. 

7. The nitrogen-permeable structure of claim 2, Wherein a 
thickness of the nitrogen-permeable membrane is no greater 
than 40 um. 

8. The nitrogen-permeable structure of claim 2, Wherein a 
permeability of the nitrogen-permeable membrane toWards 
atomic nitrogen is at least l><l0_8 mol/(m s Pao's) at 1000 K. 

9. The nitrogen-permeable structure of claim 8, Wherein 
the permeability of the nitrogen-permeable membrane 
toWards atomic nitrogen is in the range of 1x10“8 mol/(m s 
Pao's) and l><l0_7 mol/(m s Pao's) at 1000 K. 

10. A method of operating a nitrogen-permeable mem 
brane, comprising: 

providing a nitrogen-permeable membrane having a feed 
side and a permeate side, Wherein the nitrogen-perme 
able membrane includes a ?rst metal and a second metal, 
the ?rst metal is selected from vanadium, niobium, and 
tantalum, and the ?rst metal is at least one of alloyed and 
doped With the second metal that is different from the 
?rst metal; and 

exposing the feed side of the nitrogen-permeable mem 
brane to a feed stream including nitrogen, such that 
atomic nitrogen is transported across the nitrogen-per 
meable membrane from the feed side to the permeate 
side. 

11. The method of claim 10, Wherein the second metal is 
selected from cobalt, copper, gold, iron, nickel, palladium, 
platinum, ruthenium, and silver. 

12. The method of claim 10, Wherein the nitrogen-perme 
able membrane is selectively permeable toWards the nitrogen 
in the feed stream, such that at least one gaseous species is 
substantially retained in the feed stream to produce an output 
stream. 

13. The method of claim 12, Wherein the feed stream cor 
responds to a stream of ?ue gas, and the at least one gaseous 
species includes carbon dioxide. 

14. The method of claim 12, Wherein the feed stream cor 
responds to a stream of air, and the at least one gaseous 
species includes oxygen. 

15. The method of claim 10, further comprising: 
exposing the permeate side of the nitrogen-permeable 
membrane to a stream of hydrogen; and 

reacting the hydrogen and the atomic nitrogen that is trans 
ported across the nitrogen-permeable membrane to pro 
duce ammonia. 


