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Separation of Oxygen and Nitrogen by Porous
Cyanometallates
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1Centro de Investigación en Ciencia Aplicada y Tecnologı́a Avanzada del IPN, Legarı́a, México DF,
México
2Instituto de Ciencia y Tecnologı́a de Materiales, Universidad de Habana, la Habana, Cuba
3Universidad Autónoma Metropolitana, Unidad Azcapotzalco, México, DF, México

The adsorption-based separation in porous solids takes place
through steric, kinetic, or equilibrium effect selectivity. In this
contribution the oxygen-nitrogen separation by four porous frame-
works representative of cyanometallates was studied by inverse
gas chromatography. The following materials were considered:
Cd3[Co(CN)6]2 (cubic), Zn3[Co(CN)6]2 (rhombohedral), Zn3K2

[Fe(CN)6]2 (rhombohedral) and Co[Fe(CN)5NO] (cubic). Chroma-
tographic separation profiles from gases mixtures using columns
of these materials were recorded. For columns prepared from
rhombohedral zinc hexacyanocolbaltate(III) excellent separation
of O2 and N2 was observed. Such behavior was attributed to a
kinetic-based selectivity related to the size and shape for the pore
windows of this material. The porous framework of this zinc phase
is formed by ellipsoidal cavities (12.5� 9� 8 Å) communicated by
elliptical windows of � 5 Å. For Cd3[Co(CN)6]2 and Co[Fe(CN)5
NO] also kinetic-based selectivity was observed while for
Zn3K2[Fe(CN)6]2 the Kþ ion located close to the cavity windows
hinders the porous windows accessibility for nitrogen and oxygen
molecules. All the samples to be studied were characterized from
X-ray diffraction, infrared spectroscopy, termogravimetric and
adsorption data.

Keywords adsorption; air separation; porous solids; prussian
blue analogue

INTRODUCTION

The large-scale technologies for oxygen and nitrogen
production are based on cryogenic distillation of air. These
technologies consume relatively large amount of energy.
For small and intermediate scales the separation by adsorp-
tion is probably the most attractive alternative, and after
cryogenic distillation, it is the most widely used process
for air separation, particularly when very high product
purity is not required. The separation by adsorption is
based on the adsorbent selectivity for a given component
in the considered mixture. The adsorption is an exothermic

process and it is favored at low temperatures. In
consequence, the removal of the adsorbed species (desorp-
tion) is an endothermic process and requires a temperature
increase. The adsorption equilibrium is reached for equal
chemical potential for both adsorbed and gaseous phases.
A reduction for the chemical potential in the gaseous phase
leads to partial desorption for the adsorbed species. This
fact supports the gas separation by pressure swing adsorp-
tion (PSA) cycles (1,2). For oxygen-nitrogen separation
by adsorption five classes of adsorbent materials are
currently used: molecular-sieve zeolites, activated carbons,
silica gel, activated alumina, and coordination compounds
(3). Several of these materials can be integrated in a given
PSA-based technology where a feed dryer stage including
the CO2 removal is always incorporated.

The adsorption-based separation is achieved by at least
one of the following mechanisms: steric, kinetic, or equilib-
rium effect. In the steric mechanism the pass of a given
species through the porous framework is determined by
its size and shape. Oxygen and nitrogen are both ellipsoidal
shape molecules but of slightly different size, 3.46 and
3.64 Å (kinetic diameter), respectively (4). Kinetic separ-
ation results from a different diffusivity for the adsorbates
that are present in the considered mixture. The diffusivity
of a given adsorbate through a porous framework depends
on its size and also on the nature and strength for the
guest-host interactions. Related to their ellipsoidal shape,
nitrogen and oxygen are molecules with permanent quad-
rupole moment, which, in 10�26 esu.cm2 units, is 1.52 for
nitrogen and 0.30 for oxygen (5). Molecules with quadru-
pole moment interact with an electric field gradient. The
interaction will be stronger for nitrogen. The large majority
of oxygen-nitrogen adsorption-based separation processes
are carried out through the control of the adsorption
equilibrium, varying the pressure between two extreme
values (PSA) under practically isothermal conditions.

Regarding materials, zeolites and activated carbons
are among the most widely used. Zeolites with exchange-
able alkaline and alkaline earth metals (groups 1 and 2,
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respectively) show high selectivity for nitrogen related to its
larger quadrupole moment (2). Activated carbons are
materials of non-polar surface without possibilities for
selectivity according to the electrostatic interaction. In this
case the separation takes place through a kinetic selectivity
controlled by the size of the pore opening, below 5 Å. In
this class of materials for oxygen a higher diffusivity is
observed (6).

Coordination compounds have also received certain
attention for oxygen-nitrogen separation. Nature has many
examples of coordination compounds, particularly in
proteins, with the ability for reversible oxygen separation
from air, among them hemoglobin. In these compounds
the oxygen molecule forms a non-dissociative weak coordi-
nation bond at a metal open site; an iron atom in hemoglo-
bin, for instance. From this fact, coordination compounds
have been studied as model compounds by the abilities
shown by some proteins for oxygen separation, storage,
transport, and release. Such compounds also find potential
applications for oxygen separation from air in industrial
processes (4).

In this contribution we are reporting an inverse gas
chromatography (IGC) study on the oxygen-nitrogen
separation by four materials which are representative of
the porous frameworks found for cyanometallates,
particularly: Cd3[Co(CN)6]2 (cubic), Zn3[Co(CN)6]2
(rhombohedral), Zn3K2[Fe(CN)6]2 (rhombohedral) and
Co[Fe(CN)5NO] (cubic). In the following these compounds
will be labeled Cd3Co2, Zn3Co2-R, Zn3K2Fe2, and CoNP,
respectively. The best results were obtained for Zn3Co2-R,
a material free of available coordination sites for the
oxygen molecule and with a non-polar surface. The
observed high selectivity of this material for oxygen was
attributed to a kinetic mechanism. For comparison, some
gases mixtures containing H2 and CH4 were also con-
sidered. All the samples to be studied were characterized
from X-ray diffraction (XRD), infrared (IR), adsorption,
and thermogravimetry (TG) data. To the best of our
knowledge, an analogue study for this family of materials
has not been reported before.

EXPERIMENTAL

The materials under study were prepared mixing
aqueous hot (60�C) solutions (0.01M) of K3[Co(CN)6],
K4[Fe(CN)6] � 3H2O and Na2[Fe(CN)5NO] � 2H2O, and of
sulfate of the involved metals. The resulting precipitates
were aged for 24 h. within the mother liqueur at the
precipitation temperature followed by their separation by
centrifugation. The solid fraction was repeatedly washed
with distilled water to remove all the accompanying ions
and then air-dried until constant weight. The nature of
the obtained powders was corroborated from IR spectra
and XRD powder patterns. The metal atomic ratios in
the obtained powders were estimated from X-ray

dispersed-energy spectroscopy (EDS) analyses. The powder
morphology was studied by scanning electron microscopy
(SEM). The materials dehydration and thermal stability
were evaluated recording TG curves. All the reagents used
were analytical grade from Sigma–Aldrich.

IR spectra were recorded in an FT-IR spectrophot-
ometer (Spectrum One spectrometer, from Perkin Elmer)
using the KBr pressed disk technique. XRD powder
patterns were obtained with CuKa radiation in an HZG-4
diffractometer (from Carl Zeits) and their evaluation car-
ried out using program Dicvol (7).TG curves were collected
from 25 up to 300�C, under a N2 flow (100mL=min) using a
TA instrument thermo-balance (TGA 2950 model) oper-
ated in the high-resolution mode in order to select the most
appropriate temperature and heating time to obtain anhy-
drous samples for the gases separation experiments. The
pore volume for the materials under study was calculated
from carbon dioxide adsorption isotherms using an ASAP
2020 analyzer. The same equipment was used to obtain N2

and O2 adsorption isotherms at 0�C.
The IGC data were recorded with GOW-MAC equip-

ment (550 Series, 69–552 model) and a thermo-conductivity
detector (TCD) in the 20–50�C temperature range. As
carrier gas, helium and argon were evaluated at a flow rate
of 20mL=min, and input pressure of 2.43 and 2.84 bar,
respectively. Cleaned and weighed stainless steel columns
from 1 to 2.50m long and of 2.75 and 5.5mm inner diam-
eter were packed with the materials to be studied. For
CoNp and Cd3Co2 a column of 3.5m was required to
obtain well resolved N2 and O2 peaks. The materials to
be studied were pelletized and then milled to obtain a
particle size in the 0.3–0.5mm range. The packed columns
were activated overnight under an argon flow at the
dehydration temperature indicated by the TG curve.

The adsorbate net retention volumes, Vn, were calcu-
lated according to (8):

Vn ¼ JVfðtR � t0ÞðTC=TAÞðP0 � PwÞ=P0 ð1Þ

where J is the James-Martin gas compressibility correction
factor, Vf is the gas carrier flow rate at the flowmeter tem-
perature Tf, TC is the column temperature, TA is the room
temperature (TA¼Tf), P0 is the outlet pressure, Pw is the
vapor pressure of water at Tf, tR is the adsorbate retention
time relative to t0, which is the retention time for an
adsorbate with a negligible interaction with the column
material.

The differential adsorption heat, Qad, equal to the
enthalpy for the standard adsorbed state, DH0

d (within
the Henry zone) where determined from the slope of ln(Vn)
vs. 1=TC plot according to (8):

DH0
d ¼ �R dðlnðVn=VpÞÞ=dð1=TCÞ ð2Þ
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where R is the universal gas constant, and Vp is the pore
volume.

The column separation power (K2,1) for two given
components (1 and 2) in a gases mixture, was estimated
from the peaks resolution (R2,1) according to:

R2;1 ¼ 2ðtR;2 � tR;1Þ=ðw2 þ w1Þ ð3Þ

where tR,2 and tR,1 are the corresponding retention time,
and w1, w2 are the peak widths at the half maximum.
The K2,1 value was then calculated from:

K2;1 ¼ R2;1 � 1 ð4Þ

For K2,1> 1 the chromatographic peaks for the considered
two components in the gases mixture appear well resolved.

RESULTS AND DISCUSSION

Materials Characterization

The metals atomic ratios found from the EDS analyses
agree with the expected formula unit for the studied
materials. The structural characterization, the thermal
stability, and information on the electronic structure
of analogues compositions have already been reported
(9–11) and here only a summary of their features is pro-
vided. The as-synthesized samples are hydrated solids
which lose all the crystal water on heating to form stable
anhydrous materials where the free volume of their porous
framework is available for the adsorption of small size
molecules (Fig. 1). Zn3K2[Fe(CN)6]2 � xH2O becomes anhy-
drous from about 140�C and then remain stable up to
350�C (11), Co[Fe(CN)5NO] � xH2O dehydrates at 90�C
and decomposes close 200�C (9). Zn3[Co(CN)6]2 � xH2O

and Cd3[Co(CN)6]2 � xH2O form anhydrous solids on
heating from about 60 and 80�C, respectively, and then
remain stable up to 300�C. Only for the Zn compound
the crystal water removal is accompanied by a structural
transformation, from cubic to rhombohedral (R-3c space
group). In the rhombohedral phase (Zn3Co2-R) the zinc
atoms are tetrahedrally coordinated to N ends of the CN
groups. Its porous framework is formed by ellipsoidal cavi-
ties of about 12.5� 9� 8 Å that remain communicated by
elliptical windows of �5 Å (Fig. 2) (10,11).This structure

FIG. 1. TG curves for the materials under study. Co[Fe(CN)5NO]

(CoNp) decomposes close to 200�C. On heating cubic Zn3[Co(CN)6]2
transforms into the rhombohedral phase (Zn3Co2-R), which is an

anhydrous material.

FIG. 2. Porous framework for Zn3K2[Fe(CN)6]2. The small sphere

represents the Kþ ions. The rhombohedral phase of Zn3[Co(CN)6]2
(Zn3Co2-R) has an analogue porous framework but without cations (see

Fig. 5, Inset).

FIG. 3. Porous framework of Co[Fe(CN)5NO]. The larger sphere repre-

sents a cavity related to vacancies for the building block, [Fe(CN)5NO];

the sphere of intermediate size indicates the interstitial voids which serve

as communication windows, and the smaller one corresponds to a small

cavities resulting from vacancies for the Co atom. An analogue porous

framework has the porous Prussian blue analogues, e.g. Cd3[Co(CN)6]2,

but without the smallest cavity.
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can be stabilized at room temperature, even in the presence
of water, replacing a small fraction of cobalt atoms by iron
(12). Zn3K2Fe2 crystallizes with the same rhombohedral
unit cell (R-3c space group) where the Kþ atoms are
exchangeable species located within the cavities, close to
the windows (Fig. 2). Cd3Co2 and CoNP crystallize with
a cubic unit cell where the cell edge corresponds to the
Cd-N�C-Co-C�N-Cd (Co-N�C-Fe-C�N-Co) chain
length. Their porous framework is formed by systematic
vacancies of the building block, [Co(CN)6] and [Fe(CN)5
NO], respectively, to form a network of cavities of c.a.
8.5 Å diameter communicated by interstitial free spaces of
about 4.5 Å (Fig. 3).At the surface of cavities, six metal
centers (Cd, Co) with an unsaturated coordination environ-
ment are found. For CoNP the porous framework also con-
tains a system of smaller cavities (�4 Å diameter) related to
the non-ability of the NO group to form a coordination
bond at its O end with the cobalt atom.

The pore accessibility, pore volume and adsorption
potential for the materials under study have been reported
from CO2, H2O, H2 and Xe adsorption data (9,10,12–17).
For Zn3K2Fe2 the exchangeable metal (K) located close
to the pore window (Fig. 2) determines the cavity adsorp-
tion potential but at the same time limits the pore accessi-
bility for a big adsorbate like Xe but not for CO2, H2O and
H2. Table 1 summarizes the structural properties for the
considered porous cyanometallates, including their pore
volume, and temperatures of dehydration and of thermal
stability.

NITROGEN AND OXYGEN ADSORPTION UNDER
EQUILIBRIUM CONDITIONS

Figures 4 and 5 show the recorded N2 and O2 adsorp-
tion isotherms at 0�C for CoNP, Cd3Co2, and Zn3Co2-R.
All these isotherms show a linear dependence on the press-
ure. Such behavior corresponds to Henry type isotherms
(very low coverage) where the isotherm slope senses the
strength for the guest-host interaction (adsorption poten-
tial). From this fact, the stronger adsorption potential
was found for O2 in CoNP and Cd3Co2. This selectivity

between O2 and N2 cannot be attributed to the electrostatic
interaction between the adsorbate quadrupole moment (Q)
and the cavity electric field gradient (

4

E). Of these two
adsorbates, the larger Q value corresponds to N2, 1.52 vs.
0.30 for O2, in 10�26 esu � cm2 units. From this fact, the
stronger electrostatic guest-host interaction would be
expected for nitrogen, which is not observed. At the cavity
surface of these two materials six metal centers with an
unsaturated coordination environment are found, which
are available for a coordination interaction with the oxygen
molecule. As already mentioned, the high selectivity of
some transition-metal containing compounds for oxygen,
among them hemoglobin, is based on the formation of a
weak coordination bond with metal centers (4). From these
considerations, the stronger guest-host interaction for O2 in
CoNP and Cd3Co2 was attributed to the formation of a
weak coordination interaction with the metal centers found
at the surface of cavities. For Zn3Co2-R where the Zn atom
has no available coordination sites, practically the same

TABLE 1
Structural parameters and temperature of dehydration and of thermal stability for the materials under study

Material Unit cell edges (Å) Space group Pore volume (cm3=g) Dehydration temp. (K) Stability temp. (K)

CoNP 10.263(1) Fm3m 0.37 343 443
Cd3Co2 10.591(1) Pm3m 0.32 333 >573
Zn3Co2-R a¼ b¼ 12.485(1) R-3c 0.31 — >573

c¼ 32.756(1)
Zn3K2Fe2 a¼ b¼ 15.541(1) R-3c 0.19� 423 >573

c¼ 32.158(1)

�This small value for the pore volume is related to the presence of Kþ ions within the cavities.

FIG. 4. Nitrogen and oxygen adsorption isotherms for Co[Fe(CN)5NO]

and Cd3[Co(CN)6]2 at 0
�C.
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adsorption isotherms for N2 and O2 were obtained (Fig. 5).
In addition, this material has a practically non-polar sur-
face, as reveals its anhydrous character even in the presence
of humid air (10–12), and the electrostatic interaction with
N2 and O2 must be very weak. From the adsorption data
under equilibrium conditions no selectivity of this material
for N2 or O2 would be expected.

When the adsorption isotherms slopes for CoNP and
Cd3Co2 are compared, for both N2 and O2 the stronger
guest-host interaction is observed for CoNP. To this
behavior two factors could be contributing: a greater con-
tribution of dispersive forces related to a slightly smaller
cavity size for CoNp respect to Cd3Co2 because of the
strong p-back bonding effect of the NO group (9); and also
a higher coordination ability for Co because of the
availability of partially filled 3d orbitals.

For Zn3K2Fe2 no adsorption of N2 or O2 was observed.
This was attributed to a reduction of the effective cavity
window size by the presence of Kþ close to the windows
limiting the pore accessibility for these two molecules. To
that behavior also a relatively strong guest-host electro-
static interaction with the Kþ ion, an effect observed in
zeolites (discussed below), could be contributing. The inac-
cessibility for the free volume of Zn3K2Fe2 has also been
observed for the Xe adsorption (13). The Xe atom has a
kinetic diameter of 4.1 Å, slightly larger than N2 (3.67 Å),
but Xe has no quadrupole moment. The porous framework
of this material and of its analogues containing Na, Rb or
Cs instead K, is accessible to CO2(14,17), which has a small
cross section along the O-C-O axis, and also to H2 with a
kinetic diameter of 2.9 Å. However, for the analogue
containing Na pronounced kinetic effects for the H2

adsorption are observed, which have been ascribed to a
strong electrostatic interaction between this molecule with
the Naþ atom found close to the cavity windows (14).

NITROGEN AND OXYGEN SEPARATION EVALUATED
FROM IGC DATA

As reference material for oxygen-nitrogen separation
studies from IGC data a column packed with Zeolite 13X
was used. Figure 6 shows the recorded chromatographic
profile for a mixture of O2, N2, and H2 in that column.
Hydrogen was incorporated to the gases mixture as refer-
ence for the retention time because for this adsorbate a
weak guest-host interaction is expected. The larger reten-
tion time was observed for N2, which was attributed to a
stronger electrostatic interaction between the electric field
gradient created by the exchangeable metals within the
cavity with the adsorbate quadrupole moment. In that
Fig. 6. also the chromatographic profile for the same gases
mixture and under the same experimental conditions but
for the column of Zn3Co2-R is shown. The peaks corre-
sponding to the components in the mixture appear well
resolved, but for O2 and N2 their positions appear inverted
relative to the results obtained from the zeolite column.
The larger retention time corresponds to O2, and not to
N2. This behavior was ascribed to a kinetic separation
mechanism related to a different diffusivity for O2 and
N2. Compared with nitrogen, oxygen atom has a greater

FIG. 5. Nitrogen and oxygen adsorption isotherms in the rhombohedral

phase of Zn3[Co(CN)6]2 at 0
�C. Inset: Porous framework of this solid.

FIG. 6. Chromatographic profiles obtained for the H2þN2þO2 mix-

ture using columns packed with Zeolite 13X and Zn3Co2-R.
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nuclear charge (8 versus 7 protons for O and N atoms,
respectively) and, in consequence, a more compact electron
cloud results. This leads to a smaller molecular size for O2

(3.46 versus 3.64 Å for N2 of kinetic diameter) and from
this fact to a greater diffusivity through the narrow
windows of Zn3Co2-R. In the presence of both O2 and
N2, the entrance of the oxygen molecule into the elliptical
cavities is favored and it diffuses through the network of
cavities. This leads to a larger retention time for oxygen
and explains the observed features for the chromatographic
profile obtained for the column packed with Zn3Co2-R.
This material behaves as a porous carbon for the air
separation.

From the observed retention time for hydrogen, also
valuable information on the interaction of this molecule
with the material packed within the tubing is obtained.
The kinetic diameter for H2 is 2.9 Å, enough small to
enable its diffusion through the pore windows of the stud-
ied materials. Under the same experimental conditions, the
smaller retention time was found for Zn3Co2-R (Fig. 6).
The porous framework of this material is free of charge
centers, and for H2 the guest-host interaction is dominated
by dispersive (van der Waals) type forces (14). The zeolite
sample contains exchangeable ions within the channels.
These charge centers are able to polarize the electron cloud
of the hydrogen molecule, contributing to its stabilization
and retention within the cavity. These charge centers are
also responsible for a local electric field gradient which
interacts with the H2 quadrupole moment. The existence
of these two electrostatic interactions explains the observed
greater H2 retention time for the zeolite packed column.

Figure 7 shows the chromatographic profiles for the
mixture of H2, N2, O2, and CH4 for the Zn3Co2-R column
at different temperatures. For higher column temperatures,
smaller retention times were observed, which is ascribed to
a greater diffusion rate for the adsorbates, however, the
column continues separating the gases mixture. For that
mixture the greatest retention times were observed for
methane. Methane has a kinetic diameter of 3.8 Å, enough
small to diffuse through the material cavities windows.
Such large retention times for methane suggest that this
gas could be participating of a relatively strong dispersive
guest-host interaction within the cavities. From this evi-
dence a study on the adsorption of light hydrocarbons
under equilibrium conditions in porous cyanometallates
is now in course.

Figure 8 shows the chromatographic profiles for the
N2þO2 mixture using columns packed with CoNp and
Cd3Co2. For these two materials the larger retention times
also correspond to O2 indicating that the N2 and O2 separ-
ation is related to a kinetic mechanism. The cavities electric
field gradient because of the presence of surface metal
centers with an unsaturated coordination environment is
insufficient to generate a large electrostatic contribution
to the adsorption potential. However, compared with Zeo-
lite 13X and Zn3Co2-R samples, to obtain well resolved N2

and O2 peaks using CoNP and Cd3Co2 as column material,

FIG. 7. Chromatographic profiles obtained for the H2þCH4þN2þO2

mixture using the column packed with Zn3Co2-R.

FIG. 8. Chromatographic profiles obtained for the N2 þO2 mixture

using columns packed with CoNP and Cd3Co2.
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relatively longer columns are required (3.5m for the
profiles shown in Fig. 8). Such behavior is probably related
to that electrostatic contribution to the adsorption
potential. For CoNp and Cd3Co2 the kinetic mechanism
dominates but the electrostatic one reduces its separation
capability. This is supported by the above discussed results
from N2 and O2 adsorption under equilibrium conditions.

Of the evaluated porous cyanometallates, the best
results for N2 and O2 separation were obtained for
Zn3Co2-R. In Table 2 the collected experimental data
and the calculated adsorption heat values for the con-
sidered gases using that column material are summarized.
At a given temperature, the adsorption heat for O2 is
always greater than for N2, an expected behavior according
to the above discussed results. For methane the adsorption
heat values obtained are above 15 kJ=mol, which suggest
that this gas could be maintained as adsorbed species in
the porous framework of Zn3Co2-R even at room tempera-
ture, probably through relatively strong dispersive interac-
tions. The cavity region close to the Zn atom has a
relatively high electron density which allows the induction
of relatively strong instantaneous dipole and quadrupole

moments by fluctuations of the involved electron clouds.
In Table 3 the calculated separation power for different
binary mixtures are reported. For all the mixtures
evaluated the Zn3Co2-R column is able to produce a well
components separation.

CONCLUSIONS

The N2 and O2 separation in representative compositions
of porous cyanometallates was studied from inverse gas
chromatography data. For CoNP, Cd3Co2 and Zn3Co2-R
the N2 and O2 separation is dominated by a kinetic
mechanism related to a greater diffusivity for O2 through
the materials porous framework. In that sense, these materi-
als behave as porous carbons, even for CoNP and Cd3Co2.
The presence of certain electric field gradient within the
cavities for these last two materials is responsible for an
electrostatic contribution to the adsorption potential and to
reduction for the column separation capability. The higher
values for the separation power were obtained for Zn3Co2-
R which is free of that electrostatic contribution. For
Zn3K2Fe2 the K

þ ions located close to the cavities windows
impede the access of N2 and O2 to the porous framework.

TABLE 2
Experimental data, and net retained volume and calculated adsorption heat values for different gases considered using the

Zn3Co2-R column

Gas tR (min) tR (H2) (min) tR (min) Temp. (K) Vf (cm
3=min) Vn (cm3) Qads (KJ=mol)

O2 1.9 0.86 1 303.15 20 7.3 12.2
O2 1.7 0.82 0.9 313.15 19.5 6.3 10
O2 1.6 0.79 0.8 323.15 19.4 5.6 11.1
N2 1.6 0.9 0.7 303.15 20 5.1 11.2
N2 1.4 0.8 0.6 313.15 19.5 4.3 9.1
N2 1.3 0.8 0.5 323.15 19.4 4 10.2
CH4 2.8 0.9 1.9 303.15 19.4 13.5 19.1
CH4 2.3 0.8 1.5 313.15 19.4 10.6 15.2
CH4 2 0.8 1.2 323.15 19.7 8.8 17.2

TABLE 3
Resolution and separator power of the Zn3Co2-R column for different binary mixtures at 20�C using Ar as carrier gas

Binary mixture tR1 (min.) tR2 (min.) w1 (min.) w2 (min.) Resolution Separator power

H2-N2 1 1.7 0.187 0.173 3.88 2.88
H2-O2 1 2.3 0.187 0.15 7.71 6.71
H2-CH4 1 3 0.187 0.45 6.27 5.27
N2-O2 1.7 2.3 0.173 0.15 3.71 2.71
N2-CH4 1.7 3 0.173 0.45 4.17 3.17
O2-CH4 2.3 3 0.15 0.45 2.33 1.33
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