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ABSTRACT:We report here measured adsorption capacities for a natural chabazite zeolite at pressures ranging from (5 to 3000)
kPa, at temperatures of (244 and 305) K, for pure N2, CH4, and CO2, and for gas mixtures of CH4 + CO2. The pure gas data sets
from this work and from the literature were in good agreement (10 %) and were regressed to Toth models over a wide range of
pressure and temperature.We show that extrapolation ofmodels that were fit only to low pressure data (below 120 kPa) can lead to a
30 % deviation in adsorption capacities predicted at high pressures. Similarly, models fit only to high pressure pure fluid data resulted
in unreliable predictions for mixture adsorption capacities particularly when the component's partial pressure was low. The
experimental results indicate that, while the chabazite is unlikely to be useful for N2/CH4 separation, it may have potential for
removing bulk CO2 from natural gas, particularly at low temperatures. A feed gas mixture of 0.95CH4 + 0.05CO2 placed in contact
with the chabazite resulted in equilibrium vapor phases with CO2 mole fractions of about (0.0013 and 0.0002) at (305 and 244) K,
respectively. The ideal adsorbed solution theory was used to successfully describe the observed mixture behavior, although it was
found to be sensitive to the data range over which the pure fluid models were regressed.

’ INTRODUCTION

In 2009, natural gas (NG) supplied 24.2 % of the global energy
demand,1 and that fraction is predicted to continue to grow
because NG is the cleanest fossil fuel available for the generation
of electricity. Many large markets for NG are located far from
the reservoirs that supply them, and so large quantities of NG
must be transported either by gas pipeline or, for most trans-
continental trade, in tankers as liquefied natural gas (LNG). Of the
impurities that must be removed from the NG to meet specifica-
tions for gas pipelines or the LNG plant feed, carbon dioxide and
nitrogen are two of the most common and problematic.2,3 For
gas fields that contain high concentrations of N2 and/or CO2, the
removal of these contaminants to meet LNG plant specifications
(N2 < 4 % vol, CO2 < 50 ppmv)2 can add significantly to gas
production costs. The conventional technology employed for the
removal of CO2 from NG is absorption by aqueous amine
solvents. This is an energy-intensive process with high capital
costs and high operating costs, and the typical amine solvents
present environmental or safety concerns. Nitrogen rejection is
usually performed by cryogenic distillation. However, the capital
and operating costs of cryogenic distillation plants are high, and
this technology is not economically viable for gas feed rates below
15 MMscfd.4

Pressure swing adsorption (PSA) is a promising alternative
technology for CO2 and N2 removal from NG because PSA
processes have much lower energy requirements than amine-
scrubbers and cryogenic distillation units.5,6 Furthermore, the
low-temperature and high-pressure conditions available in a
LNG plant provide opportunities to enhance the efficacy of
PSA processes for the separation of N2, CO2, and CH4.

7�9

The identification of suitable adsorbents with high equilibrium
capacities for CO2 and N2 is a key challenge to be overcome in
the development of PSA processes for CO2 andN2 removal from

NG. Central to this search for suitable adsorbents is the require-
ment for better data on the sorption behavior in gas mixtures,
particularly at conditions (low temperature, high pressure)
similar to those available in the LNG plant. This paper reports
new data for a natural zeolite, chabazite, and evaluates it as a
potential adsorbent for removing CO2 and/orN2 fromNGby PSA.

The adsorption and separation of CO2, N2 and CH4 has been
studied on a large number of porousmaterials including activated
carbons,10�13 carbon molecular sieves,14�16 and zeolites.17�20

As a consequence of their crystalline structure, zeolites have
narrow pore openings and a uniform pore size distribution and
thus show great potential for the separation of small gas
molecules (based on either kinetic or equilibrium selectivity).
Synthetic zeolites such as 13X and 5A are among the most
commonly used adsorbents in industrial gas separations,13,15 but
several naturally occurring zeolites including clinoptilolite, mor-
denite, and chabazite have pore structures and chemistry that
may also be suitable for the separation of CO2 and N2 from
NG.21 Natural and modified versions of clinoptilolite (ion-
exchange, thermal treatment, and structural change) have been
used for upgrading and purification of natural gas, coal, and
landfill gas.21�23 In contrast, there are limited data at industrially
relevant conditions (high pressure, gas mixtures) published in
the open literature regarding the adsorption and separation of
CO2, N2, and CH4 on/using chabazite.

Chabazite (structural formula (Ca2, Na4, K4)[(AlO2)4(SiO2)8] 3
13H2O) has a three-dimensional framework delimited by eight-
membered rings that create small pore openings (aperture 3.8�
3.8 Å and kinetic pore diameter of 4.3 Å).24 This structure
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suggests chabazite could be a selective adsorbent for CO2 and/or
N2 from NG (kinetic diameter of molecules: CH4 3.80 Å, N2

3.64 Å, and CO2 3.30 Å).
3 Chabazite, and (K, Na, Li, Mg, Ca, Ba)

ion-exchanged versions of chabazite, have been used in adsorption-
based processes for air purification and CO2 capture from
combustion flue gases by Webley and co-workers.25�27 Also, in
patents assigned to Air Products and Chemicals,28�30 Coe and
coauthors report the adsorption of N2, Ar, CF4, and O2 on
natural and (Ca, Sr, Li) ion-exchanged chabazites. They found
that chabazites with a Si/Al ratio of 1.8 to 2.7 and an optimized
divalent cation distribution throughout the framework showed
improved adsorption properties over any other zeolites for
weakly interacting adsorbates such as N2.

29

Previously we reported the use of a volumetric-type adsorp-
tion system for the measurement of the equilibrium adsorption
capacity of pure N2, CO2 and CH4 on a carbon molecular sieve at
temperatures between (115 and 323) K and at pressures up to
5 MPa.31 In this work we report the extension of this apparatus
to measure the adsorption of gas mixtures over this range of
temperature and pressure and thus to determine the uptake of
individual gas components on an adsorbent. The use of the
modified adsorption system is demonstrated with adsorption
measurements of CH4, CO2, N2, and a CH4 + CO2 mixture on
chabazite at pressures from (5 to 3000) kPa and at temperatures
of (244 and 305) K.

’MATERIALS

Sodium chabazite from the Bowie deposit (Arizona, USA) was
obtained from Zeox Corporation, formerly GSA Resources.
Chabazite from this deposit has been reported to also contain
other zeolite phases such as clinoptilolite and erionite,32 impu-
rities which could be removed by a chemical treatment in an
alkaline-silicate medium. However, as purification treatments for
natural zeolites can add prohibitive costs to their industrial
application, we evaluated the gas separation performance of the
unpurified natural chabazite. The as-received chabazite granules
were simply sieved, and the 2 mm size fraction was used for the
adsorption measurements.

The chemical composition and physical properties of the
chabazite were characterized by powder X-ray diffraction (XRD),
X-ray fluorescence spectroscopy, and He pycnometry. Pore
structure and surface areas were determined from sorption
analyses of N2 at 77 K and CO2 at 273 K. From the 77 K N2

sorption analyses the chabazite sample's BET specific surface
area was determined to be 415 m2

3 g
�1, and the pore volume was

determined to be 0.348 cm3
3 g

�1. Jensen et al.33 reported
additional details about these characterizations together with
the results of pure fluid adsorption uptake measurements at low
pressures, (0.001 to 120) kPa, at (248, 273 and 302) Kmade with
a commercial ASAP2020 apparatus (Micromeritics, USA).34

These low-pressure measurements were important to the current
work because they provided a benchmark for the high-pressure
pure fluid measurements reported here, and they were essential
to the interpretation of the high-pressure mixture measurements
when the partial pressure of the CO2 in the vapor phase was
very low.

All gases used in this work were supplied by BOC who stated
the following mole fraction purities: He 0.99999, Ar 0.99999,
CH4 0.99995, N2 0.99999, and CO2 0.9999. The estimated
uncertainty of the adsorption measurements due to gas purity is
negligible.

’VOLUMETRIC-TYPE APPARATUS FOR MIXTURE
ADSORPTION

The high pressure volumetric-type adsorption apparatus con-
sisted of the gas loading cell immersed in a water bath at 300 K
and the adsorption cell housed in a cryogenic Dewar, as shown in
Figure 1. The two vessels are connected by a gas transfer line with
a shutoff valve. Details on the construction and operation of
this apparatus, including descriptions of the instruments used for
the pressure and temperature measurements, are described in
detail in our previous paper.31 The motivations for changes to
the original apparatus included (i) measuring gas mixtures,
(ii) reducing the magnitude of temperature gradients in the adsorp-
tion cell, and (iii) improving the operability of the apparatus.

A new gas sampling system was added to the apparatus to
allow the composition of gas mixtures in the loading cell and the
adsorption cell to be measured using a gas chromatograph
(Varian CP-3800, with 25 m long � 0.53 mm diameter column
of PoroPlot Q packing). A sample loop was connected to the
loading and adsorption cells using zero-volume valves (models
CSD4UW and C6W, Valco Instruments Co. Inc., USA), and this
loop was filled with the gas to be analyzed. The volume of the
sample loop could be varied from (0.1 to 8) cm3 corresponding
to the pressure in the adsorption or loading cells, which ranged
from (200 to 6500) kPa: the sample loop volume was chosen so
that the gas sample could be reduced to a safe pressure for
collection in a glass GC syringe (2.5 cm3). For eachmeasurement

Figure 1. Schematic diagram of the upgraded high pressure volumetric-
type apparatus: AC, adsorption cell; LC, loading cell; P, pressure gauge;
vac, vacuum gauge; V, actuated valve; T, temperature sensor; Ads,
adsorbent holder and adsorbent; SMF, stepper motor fan.
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of a gas composition, two samples each filling one syringe were
taken from the sample loop, which allowed 10 injections (each of
0.5 cm3 of gas) into the gas chromatograph (GC). The composi-
tions of the samples were determined with the GC's thermal
conductivity detector (TCD).

The procedures used for GC detector calibration and analysis
are similar to those described by Kandil et al.35 For mixtures of
CH4 and CO2 in the adsorption or loading cell at pressures up to
6500 kPa, the combined relative uncertainty of the measured
component mole fractions resulting from the sampling method
and detector calibration was less than 4 % of the measured
CO2mole fraction, which in this work ranged from 0.0001 to 0.1.
(The minimum resolvable CO2 mole fraction was about 10�6.)
However, we found that small quantities of air could contaminate
the gas in the syringe during transfer to the GC and, con-
sequently, N2 mole fractions below 0.05 could not be measured
reliably. To address this sampling issue we have designed and are
constructing an upgraded sampling system with a direct connec-
tion to the GC.

To ensure that gas mixtures in contact with the adsorbent
were compositionally homogeneous, a cryogenically and vacuum
compatible stepper motor (model C17-2, ArunMicroelectronics
Ltd., England) was used to drive a fan installed beneath the
adsorbent holder. This fan forced the circulation of gas inside the
adsorption cell and through the adsorbent bed, reducing con-
centration gradients and temperature gradients in the adsorption
cell. In addition, relative to the apparatus previously described,31

the internal volumes of the adsorption and loading cells were
reduced from (700 to 435) cm3 and from (1800 to 770) cm3,
respectively. This reduction in the ratio of void volume to
adsorbent mass results in a lower level of uncertainty in the
adsorption measurements, improves the temperature homo-
geneity in the adsorption cell, and reduces the inventory of
high-pressure gas required in the experiment. The volumetric
technique for measuring adsorption capacities requires an accu-
rate knowledge of the volumes of the vessels between which gas is
being transferred. The calibration procedure using helium and
argon to determine the cell volumes with an uncertainty of
0.5 cm3 was detailed in Watson et al.31 Pressure tests were
regularly conducted to ensure that there were no measurable gas
leaks, which can if present affect significantly the calculated
adsorption capacities.

In the modified volumetric-type apparatus, several other
minor changes were made to improve the integrity and oper-
ability of the system. The new features included: bursting discs to
protect the expensive pressure and vacuum gauges, actuated
valves replaced manual valves in the apparatus manifold to allow
remote operation, and a vacuum gauge was added to monitor
pressure in the adsorption cell during in situ degassing of the
adsorbent. The total volume of the non-temperature controlled
lines connecting the adsorption and loading cells was approxi-
mately 3 cm3, which contributed an uncertainty of less than 0.2 %
to the measured adsorption capacities.

’EXPERIMENTAL PROCEDURES

Prior to the adsorption measurements, the chabazite was
regenerated (in a separate cell) under vacuum (1 Pa) at 623 K
for 24 h. The mass of the regenerated chabazite loaded into the
adsorption cell was mads = 18.25 ( 0.01 g. Prior to each
adsorption isotherm measurement the chabazite was flushed
withHe and then degassed in situ under vacuum (30 Pa) at 360 K

for 48 h; in addition, the loading cell and the manifold were
flushed and evacuated several times.

The method for measuring adsorption capacity with the high
pressure volumetric-type apparatus is detailed elsewhere.31 After
each gas transfer, equilibriumwas considered to be reached when
the value of measured adsorption capacity was stable within 0.2 %
over one hour. The adsorption kinetics of the natural chabazite
were observed to be fast,33 and three hours at most were required
for each pressure step. For pure fluids, the repeatability of the
adsorption capacity data along each isotherm (including adsorp-
tion and desorption steps) was better than 2 %. These observa-
tions indicate that the equilibrium sorption behavior of all three
pure gases was completely reversible.

The protocol for gas mixture measurements is similar to that
for pure gases. However, before the sorption isotherm for the gas
mixture started, the loading cell was filled successively with each
of the pure gases comprising the mixture to predetermined
pressures. The composition of the resulting gas mixture in the
loading cell was estimated bymaterial balance from themeasured
pressure and temperature and the reference equations of state for
CH4,

36 CO2,
37 and their mixtures38 as implemented in the

software REFPROP 8.0.39 The relative uncertainty of themixture
composition determined by this material balance method was
0.4 % of the minor component's mole fraction. The gas composi-
tions in both the loading cell and adsorption cell were measured
with the GC at the end of each pressure step, with a relative
uncertainty of 4 % in the mole fraction of the minor component.
The gas composition measured with the GC was always con-
sistent with that determined by the material balance method.

During a gas mixture measurement, the material balance for
each component (index i) in the closed system comprising the
adsorption cell + loading cell gives:

VLð½yiFðp,T, yÞ�initialL � ½yiFðp,T, yÞ�f inalL Þ þ VAð½yiFðp,T, yÞ�initialA

� ½yiFðp,T, yÞ�f inalA Þ þ ðninitialads, i � nf inalads, iÞ ¼ 0 ð1Þ
Here the subscripts L and A denote the loading and adsorption
cells, respectively; the superscripts “initial” and “final” denote
conditions before and after the transfer of fluid between the cells;
p, T, and V are the pressure, temperature, and volume of fluid in
the cell; yi is the mole fraction of the component i in the gas phase
(y is the mixture composition array); and nads,i is the number of
moles of component i adsorbed. The molar density of the gas
mixture F was determined at the measured pressure, tem-
perature, and composition, from the GERG-2004 EOS38 as
implemented in the software REFPROP 8.0.39 For both pure
fluids and mixtures, the uncertainty in the adsorption measure-
ment was dominated by the uncertainty of the temperature
measurements in adsorption cell. We have designed and are
constructing an upgraded volumetric-type apparatus with a better
temperature control and measurement system for the adsorption
cell.

Implicit in the use of eq 1 is the assumption that the fluid
densities are uniform throughout each of the two volumesVA and
VL. In practice, if TA 6¼ TL then a density gradient will necessarily
exist somewhere in the lines connecting the adsorption and
loading cells, and the assumption is violated to some degree. The
impact of this, however, is largely mitigated by the process of
volume calibration as long as the variation in molar density of the
calibration fluid (helium) is similar to that of the adsorbate fluid.
Particular care must thus be taken when transferring condensable
fluids such as CO2 at pressures close to saturation, because if a
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liquid phase forms in the connecting lines a significant error
could be introduced into the material balance calculation.

To avoid condensation in the connecting lines when conducting
volumetric-type adsorption experiments with CO2, one approach
is to control the temperature of the lines as done, for example, byHe
et al.40 The alternative approach is to ensure that the maximum
operating pressure is significantly below the saturation pressure
corresponding to the coldest temperature anywhere in the apparatus.
Watson et al.31 followed this second approach successfully, and it was
also adopted for this work. The maximum CO2 pressure in the
systemwasmaintained at least 400 kPa below the saturation pressure
corresponding to the lowest temperature in the apparatus.

The component excess adsorption capacities Qex,i were calcu-
lated from the (Δnads,i)j � (nads,i

final � nads,i
initial)j, using the method

described by Watson et al.,31 where the index j enumerates the
transfers between the loading and adsorption cells. To convert
the excess adsorption capacity Qex,i to the absolute adsorption
capacity Qabs,i, the density of the adsorbed phase mixture was
estimated using an ideal mixing rule and the density of the
adsorbed phase for pure compounds, which can be estimated
using a variety of methods with a scatter of about 10 %.41 The
uncertainty of the absolute adsorption capacity u(Qabs,i) was then
estimated from an error propagation analysis.

’PURE GAS ADSORPTION RESULTS

Data for the pure gas adsorption isotherms of N2 and CH4 on
chabazite at (244 and 305) K for pressures from (5 to 3000) kPa
are reported in Table 1, together with the CO2 adsorption data
measured at 305 K. These data are also presented graphically in
Figure 2; the shape of each of these isotherms corresponds to
Type I in the IUPAC classification.42 As discussed below, the
adsorption data for pure CO2 measured at 244 K were found to
be unreliable, most likely due to inadequate degassing.

For the pure fluid adsorption isotherms, a least-squares
regression analysis was used to determine the best-fit parameters
of the Toth model43 by minimizing the standard deviation (SD =
((1/N)∑(Qabs

meas�Qabs
calc)2)1/2,N being the number of data points

regressed):

Q calc
abs ¼ Qmax

Kp

ð1 þ ðKpÞnÞ1=n
ð2aÞ

K ¼ K0 exp
�ΔH
RT

� �
ð2bÞ

Table 1. Adsorption Capacities for Pure N2, CO2, and CH4

on Chabazite: Excess Adsorption Qex, Absolute Adsorption
Qabs, and the Corresponding Uncertainty u(Qabs)

T p Qex Qabs u(Qabs)

K kPa mmol 3 g
�1 mmol 3 g

�1 mmol 3 g
�1

N2

304.6 62.9 0.27 0.27 0.02

304.6 196.1 0.63 0.64 0.02

304.6 583.9 1.14 1.15 0.05

304.5 1994.0 1.76 1.82 0.15

304.5 3012.6 1.99 2.09 0.24

304.6 1106.3 1.46 1.48 0.21

304.5 420.1 0.97 0.98 0.08

304.5 175.7 0.59 0.59 0.03

244.2 5.9 0.23 0.23 0.01

244.1 19.2 0.55 0.55 0.01

244.1 71.6 1.11 1.11 0.01

244.2 2031.9 2.58 2.69 0.22

244.2 3004.2 2.67 2.85 0.37

244.2 1301.2 2.41 2.47 0.33

244.2 562.3 2.03 2.06 0.14

244.2 253.5 1.66 1.67 0.06

244.1 122.9 1.32 1.32 0.03

244.1 69.3 1.06 1.06 0.02

CH4

244.1 78.9 0.65 0.65 0.01

244.0 193.2 1.01 1.01 0.02

244.0 395.8 1.29 1.30 0.03

244.1 2089.4 1.96 2.04 0.16

244.1 3036.0 2.14 2.27 0.26

244.4 1135.3 1.69 1.73 0.22

244.7 425.7 1.30 1.31 0.08

244.5 4.1 0.45 0.45 0.01

244.1 15.3 0.94 0.94 0.01

304.5 70.1 1.48 1.48 0.01

304.5 1944.8 2.77 2.90 0.22

304.5 2972.5 2.86 3.08 0.40

304.5 1399.5 2.73 2.82 0.36

304.4 616.8 2.40 2.43 0.16

304.5 271.9 2.02 2.03 0.07

304.5 122.0 1.69 1.69 0.03

CO2

304.6 5.8 2.37 2.37 0.02

304.6 98.5 3.27 3.27 0.02

304.6 244.0 3.56 3.57 0.02

304.6 757.2 3.95 4.00 0.06

304.6 1961.0 4.39 4.56 0.17

304.6 2995.1 4.77 5.09 0.29

304.6 1209.5 4.32 4.42 0.24

304.6 471.2 3.98 4.02 0.09

304.6 188.9 3.70 3.72 0.03

Figure 2. Pure fluid isothermal adsorption capacities measured in this
work. (, N2 at 305 K; ), N2 at 244 K;9, CH4 at 305 K;0, CH4 at 244 K;
and 2, CO2 at 305 K.
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HereR is the molar gas constant, andΔH is the isosteric enthalpy
of adsorption at zero coverage. In the regression,ΔH was treated
as an adjustable parameter along with the three empirical param-
eters Qmax, K0, and n. The model is adequate for the purpose of
engineering design calculations. It contains only four parameters,
and it provides an analytical expression for the Qabs that is an
explicit function of temperature and pressure.

To assess the accuracy of the high-pressure volumetric mea-
surements, we compared these results to adsorption data ob-
tained for the same batch of chabazite at lower pressures from
(0.001 to 120) kPa using a commercial sorption system
(ASAP2020).33 The comparison of pure gas isotherms obtained
with the high-pressure volumetric system and the low-pressure
ASAP2020 are shown in Figures 3A to 5A. The deviations
between the measured data and the predictions of the Toth
equations are shown in Figures 3B to 5B. Apart from the CO2

isotherm measured at 244 K, the adsorption data at 100 kPa
collected on the high-pressure apparatus were within 10 % of the
adsorption capacities measured on the commercial ASAP2020
system. The CO2 adsorption data measured at 244 K with the
high-pressure apparatus were inconsistent with the high-pressure
measurements at 305 K and with the measurements made at 248
K with the ASAP2020 system, as indicated by the approximate
location of these data in Figure 5A. We attribute this incon-
sistency to improper degassing of the sample prior to this
measurement; we are confident that it was not caused by CO2

condensation despite our precautions because such a systematic
error would result in apparent adsorption capacities greater than
expected, whereas the apparent capacities observed at 244 K
were smaller than measured at 305 K. These data have been
omitted from Table 1 and from the data sets used for fitting
the Toth equation. This problem was only discovered several
weeks after the chabazite measurements were completed and
when the system was being used to measure other adsorbents.
However the low-pressure CO2 data measured with the
ASAP2020 system at 244 K were available and are sufficient to
explain the high-pressure adsorption data measured for the
CH4 + CO2 mixture at this temperature. This example highlights
the importance of proper sample preparation in adsorption
measurements and the importance of rapid data analysis follow-
ing its acquisition.

For each pure gas, the four-parameter Toth model in eq 2 was
regressed to three sets of adsorption data: the low pressure
isotherms collected with the ASAP2020 (LowP),33 the high
pressure isotherms collected in the current work (HighP), and
a combined data set for pressures from (0.001 to 3000) kPa
collected with the two apparatus (Overall). The optimized
parameter values resulting from the regression of eq 2 to the
Overall data set are shown in Table 2 together with their
statistical uncertainties. The fits to the other data sets were
conducted to quantify the errors associated with extrapolating
adsorption capacity models outside the range of the data to which

Figure 3. Measured and modeled N2 adsorption capacities for the
natural chabazite. (A) Absolute adsorption capacities. (, this work at
305 K;9, this work at 244 K; ), Jensen et al.33 at 302 K;0, Jensen et al.33

at 248 K. The lines represent the predictions of the Toth model (eq 2)
fitted to the “Overall” data set: calculated capacities at 305 K are
indicated with a dashed line, while calculated capacities at 244 K are
indicated with a solid line. (B) Deviations between themeasured and the
calculated capacities.

Figure 4. Measured and modeled CH4 adsorption capacities for the
natural chabazite. (A) Absolute adsorption capacities. (, this work at
305 K;9, this work at 244 K; ), Jensen et al.33 at 302 K;0, Jensen et al.33

at 248 K. The lines represent the predictions of the Toth model (eq 2)
fitted to the Overall data set: calculated capacities at 305 K are indicated
with a dashed line while calculated capacities at 244 K are indicated with
a solid line. (B) Deviations between the measured and the calculated
capacities.
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they were fit. In the case of N2 for example, the Overall data set
has a standard deviation (SD) of 0.03 mmol 3 g

�1 from the
“Overall” Toth model. A model regressed only to the LowP data
set has a SD of 0.004 mmol 3 g

�1; however when that model is
extrapolated to the high pressure range, the SD from the high
pressure data is 0.09 mmol 3 g

�1. Moreover, the values of the best
fit parameters, Qmax, K0, and n, obtained by fitting to the LowP

data set for N2 each differ from those obtained by fitting to the
HighP data set by between 50 % and 300 %, all well beyond their
estimated statistical uncertainties. Similar results were obtained
by fitting to the different subranges of the CH4 data. For example
the measured adsorption capacity of CH4 at 3000 kPa and 244 K
was 3.1mmol 3 g

�1, while the Tothmodels regressed to the LowP
data and Overall data predicted (2.0 and 2.9) mmol 3 g

�1,
respectively. These numerical experiments indicate the potential
pitfalls of using low-pressure adsorption measurements to pre-
dict high-pressure adsorption capacities, and vice versa. The
latter case is particularly relevant when predicting component
sorption capacities for gas mixtures when the partial pressure of
one component is very low.

The results of such numerical experiments are less conclu-
sive with the CO2 data, primarily because the CO2 adsorption
isotherms have an unusual shape, when plotted on a log scale, in
comparison with the corresponding N2 and CH4 adsorption
isotherm shapes. There is relatively strong adsorption for CO2 at
very low pressures, and the isosteric enthalpy of adsorption at
zero coverage determined from regression of the Toth model to
the CO2 data is about �45 kJ 3mol�1, which is more than twice
that for the N2 and CH4 cases. Such adsorption behavior has
been observed by others with chabazite or other zeolites20,26,27

and is due to the specific interactions of the quadrupole of the
CO2 molecule with the electrical field created by the cations that
make up the zeolite's structure. Ridha and Webley27 showed
that the isothermal adsorption capacity of CO2 on chabazites
exhibited unusual, nonlinear trends at pressure ranging from
(0.001 to 1) kPa, and consequently, the determination of the
Henry’s constants was problematic. In this work, the quality of
the Toth model fit to the CO2 data was worse than for the CH4

and N2 cases, with a SD of 0.19 mmol 3 g
�1 and a maximum

deviation of 0.4 mmol 3 g
�1; these deviations are larger than the

estimated experimental uncertainty. The CO2 isotherm data were
also regressed using other standard equilibrium capacity models;
however, no improvement over the Toth model was found.

The two most important adsorbent properties for gas separa-
tion applications are capacity and selectivity. An adsorbent's
equilibrium selectivity, αij, for two components in a gas mixture
(i is the more adsorbed component and j the less adsorbed
component) is defined (for example, Saha et al.44):

αij � xi
xj

 !
yj
yi

� �
sf
yj¼ yi

αij ¼ Qabs, i

Qabs, j

 !
ð3Þ

Here, y and x are the mole fractions of a component in the vapor
and adsorbed phases, respectively, and the second equality holds
in the case of an equimolar mixture. Estimates of an adsorbent's
equilibrium selectivity are frequently made on the basis measured
pure fluid capacities. For example, Gu and Lodge45 and Jensen
et al.33 estimated so-called “inferred” or “ideal” selectivities which
are computationally simple to evaluate but do not account for
competition between species for adsorption sites. More rigorous
predictions of mixture selectivity can be made by using the ideal
adsorbed solution (IAS) theory developed by Myers and
Prausnitz;46 however, mixture measurements will still ultimately
be required if an adsorbent is to be adopted for a gas separation
application. Equilibrium selectivities estimated from the pure
fluid measurements of the chabazite indicate that while it is
unlikely to be suitable for separating CH4 and N2 it may have
potential for removing CO2 from natural gas. Adsorption data for

Table 2. Parameters of the Toth Models (eq 2) Fitted to the
Adsorption Capacities for Each Pure Gas Using the Overall
Data from This Work and Jensen et al.33 from (244 to 305) Ka

gas N2 CH4 CO2

no. of data 152 155 219

Qmax/mmol 3 g
�1 3.24 ( 0.05 3.60 ( 0.09 4.27 ( 0.05

K0 3 10
6/kPa�1 0.51 ( 0.05 2.48 ( 0.39 0.035 ( 0.022

�ΔH/kJ 3mol�1 21.8 ( 0.2 22.5 ( 0.4 44.9 ( 1.1

n 0.56 ( 0.01 0.40 ( 0.01 0.46 ( 0.02

SD/mmol 3 g
�1 0.03 0.05 0.19

AARD 5% 11% 20%
a SD is the standard deviation (SD = ((1/N)∑(Qabs

meas � Qabs
calc)2)1/2), and

AARD is the absolute average relative deviation (AARD= (1/N)∑(|Qabs
meas�

Qabs
calc|)/(Qabs

meas)), N being the number of data points regressed.

Figure 5. Measured and modeled CO2 adsorption capacities for the
natural chabazite. (A) Absolute adsorption capacities. (, this work at
305 K; ), Jensen et al.33 at 302 K; 0, Jensen et al.33 at 248 K. The lines
represent the predictions of the Toth model (eq 2) fitted to the Overall
data set: calculated capacities at 305 K are indicated with a dashed line,
while calculated capacities at 244 K are indicated with a solid line. The
ellipse in (A) shows the approximate location of our CO2 isotherm at
244 Kwhich was clearly inconsistent with the othermeasurement. These
data were not used for the Toth equation fitting. (B)Deviations between
the measured and the calculated capacities.
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CO2 +CH4mixtures were therefore acquired and compared with
the behavior predicted using the IAS model.

’GAS MIXTURE ADSORPTION RESULTS

Wemeasured adsorption capacities at (244 and 305) K at total
pressures from (370 to 2800) kPa for mixtures of CH4 + CO2.
For each isotherm, the mixture transferred from the loading cell
to the adsorption cell had a composition of approximately
0.95CH4 + 0.05CO2. For desorption steps, the loading cell was
evacuated, and the vapor phase in equilibrium with the adsorbed
phase was transferred out of the adsorption cell. In Table 3 the
measured composition of the equilibrium vapor phase is listed
together with the excess and absolute adsorption capacities deter-
mined for each component. The estimated uncertainties in the
vapor composition and adsorption capacities of each component
are also included in Table 3. At equilibrium, the CO2 mole
fraction of the vapor was reduced to about 0.0013 and 0.0002 at
(305 and 244) K, respectively. The equilibrium selectivities
αCO2,CH4

measured at each condition are also listed in Table 3
and had average values over all the data points of 420 and 3100 at
(305 and 244) K, respectively.

Figure 6 shows the component adsorption capacities mea-
sured for the binary mixture as a function of the total pressure at
(244 and 305) K. Systems with two sorbates have three degrees
of freedom,46 and the volumetric method employed in this work
does not permit control of the equilibrium vapor-phase compo-
sition. For this reason, only data measured along an adsorption
pathway (increasing pressure) are shown in Figure 6. The
predictions of the ideal adsorbed solution (IAS) theory46 im-
plemented using the algorithm of Valenzuela and Myers47 are
also shown in Figure 6. The IAS theory is a fully predictive model
for gas mixture adsorption based only on the knowledge of the

pure fluid adsorption isotherms. In this case the predictions of
the adsorbed CH4 capacities are consistent with the measured
values within the experimental uncertainties—this agreement
was achieved with no parameter adjustments. The IAS predic-
tions for the CO2 capacities at equilibrium do not show quite the
same level of consistency within the estimated experimental
uncertainties: the IAS predictions are on average 0.3 mmol 3 g

�1

lower than the measured values at 305 K and 0.2 mmol 3 g
�1

greater than the measured values at 244 K. Activity coefficients
for the adsorbed phase's CO2 component could be used to force
the model and the data to agree. However, the predictions of the
IAS model are sensitive to the uncertainty of the pure fluid
adsorption isotherms, which would propagate into any activity
coefficient determination.

For example, consider a (worst-case) scenario in which the
Tothmodels used to describe the pure component adsorption on
the chabazite were fit to the HighP data for CO2 and the LowP
data33 for CH4. The resulting IAS predictions for Qabs,CO2

and
Qabs,CH4

would shift by an average of (+0.1 and �0.5) mmol 3 g
�1,

respectively, at 305 K and (+0.6 and �1.0) mmol 3 g
�1, respec-

tively, at 244 K. As a consequence of these shifts, the IAS model
would predict an inversion of the most adsorbed component
from CH4 to CO2 above 2300 kPa at 305 K, and above
800 kPa at 244 K. This further illustrates the importance of
measuring adsorption data for pure fluids over a wide range of
pressures and using such data in the determination of model
adsorption isotherms by regression.

The measured adsorption data for the CH4 + CO2 mixtures
confirm that the chabazite has significant potential for removing
CO2 from natural gas, particularly at low temperatures and high
pressures. Furthermore, the IAS predictions were shown to be
reasonably consistent with the mixture measurements, indicating

Table 3. Equilibrium Vapor Compositions, Adsorption Capacities, and Selectivities for CH4 + CO2 Mixtures at (244 and 305) K,
at Total Pressures from (370 to 2800) kPa

adsorbed phase measurement

gas phase measurement CH4 CO2

T p total Qexc Qabs u(Qabs) Qexc Qabs u(Qabs) selectivity

K kPa 106 3 yCO2
106 3 u(yCO2

) mmol 3 g
�1 mmol 3 g

�1 mmol 3 g
�1 mmol 3 g

�1 mmol 3 g
�1 mmol 3 g

�1 αCO2,CH4

304.5 639.9 670 31 1.36 1.37 0.13 0.36 0.36 0.02 392

304.5 1184.1 842 36 1.49 1.52 0.14 0.62 0.63 0.01 492

304.4 1734.2 1126 46 1.54 1.59 0.17 0.87 0.90 0.01 502

304.4 2209.6 1528 57 1.51 1.57 0.20 1.09 1.14 0.01 474

304.4 2743.8 2298 72 1.44 1.52 0.25 1.33 1.40 0.01 400

304.4 1770.4 2358 72 1.29 1.33 0.22 1.32 1.36 0.01 433

304.5 1004.2 2942 90 1.09 1.11 0.13 1.31 1.34 0.01 409

304.5 374.9 4727 148 0.93 0.93 0.07 1.30 1.31 0.01 297

244.0 622.6 123 11 2.08 2.11 0.14 0.44 0.44 0.01 1700

244.0 989.9 153 10 2.11 2.16 0.16 0.66 0.67 0.01 2030

244.0 1510.7 215 7 1.99 2.06 0.21 0.96 1.00 0.01 2260

244.0 1998.9 229 11 1.81 1.90 0.28 1.26 1.32 0.01 3030

244.0 2552.2 257 12 1.54 1.65 0.35 1.61 1.72 0.01 4060

244.1 1991.3 241 11 1.54 1.62 0.35 1.61 1.68 0.01 4300

244.1 1291.2 258 8 1.62 1.67 0.25 1.60 1.60 0.01 3710

244.0 1003.2 264 9 1.57 1.61 0.17 1.60 1.60 0.01 3760

244.1 448.8 332 12 1.57 1.59 0.11 1.60 1.60 0.01 3030
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that the adsorption behavior can be modeled reliably over the
range of conditions likely to be explored in the design of a
separation process. Of course, the affinity of zeolites for CO2 is
well-known, and they are already used commercially to reduce
the CO2 content of natural gas to LNG production specifica-
tions.48However, this work demonstrates that by exploring lower
temperatures significant capacity and selectivity gains are achiev-
able.With appropriate integration of such a low temperature PSA
process into a cryogenic processing plant, it may be possible to
treat more gas for the same cost or, alternatively, the same
amount of gas at reduced cost.
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