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ABSTRACT: Alkali-exchanged SSZ-13 adsorbents were investigated for their
applicability in separating N2 from CO2 in flue gas streams using a dynamic
breakthrough method. In contrast to IAST calculations based on equilibrium
isotherms, K+ exchanged SSZ-13 was found to yield the best N2 productivity,
comparable to Ni-MOF-74, under dynamic conditions where diffusion properties play
a significant role. This was attributed to the selective, partial blockage of access to the
chabazite cavities, enhancing the separation potential in a 15/85 CO2/N2 binary gas
mixture.
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The release of carbon dioxide (CO2) from anthropogenic
point sources, such as coal-fired power plants or

conventional cooling systems, accounts for approximately
35% of total CO2 emissions in the United States and is linked
to climate change.1−3 Postcombustion capture of carbon
dioxide can reduce these emissions, but hinges on the
separation of CO2 from a flue gas mixture containing primarily
nitrogen, carbon dioxide, water vapor, and oxygen.4 Using
adsorbent materials to remove CO2 from flue gas is
advantageous due to its low energy penalty for loading and
regeneration in addition to the existence of infrastructure to
support its incorporation into the exhaust system of power
plants.5,6 Various nanoporous materials such as zeolites, metal−
organic frameworks, covalent organic frameworks, and
hierarchical porous carbons have been explored for CO2
adsorption and separation studies.7−12 Among them, nano-
porous zeolites have received significant attention because of
their robust nature, economical preparations, and very high
thermal and chemical stabilities.13−15

SSZ-13 (CHA) zeolites have gained notoriety over other
zeolites for their high affinity toward carbon dioxide over other
gases because of its unique pore structure and arrangement of
cations in the framework.14,16 Increasing the electrostatic
interaction between the framework and the CO2 guest
molecules by altering the Si/Al ratio, the nature of extra-
framework cations, as well as the particle size, can improve

adsorption properties. Such alterations make these zeolites
excellent molecular sieves capable of separating CO2 (3.3 Å)
from N2 (3.6 Å) in flue gas streams.17,18 Additional
modifications involving the use of larger cations, such as
potassium and cesium in low silica CHA, were found to yield
even higher selectivities of CO2 over N2. This was due mainly
to a molecular trapdoor mechanism, which discriminates guest
molecules by their interaction with host cations, and not
necessarily based on size alone.19 These studies focusing on the
nature of metal cations have been largely limited to equilibrium
measurements.20,21

In an industrial setting, the capture of CO2 from flue gas is
typically carried out in fixed bed adsorbers under dynamic
conditions whose separation performance is dictated by a
combination of selectivity and capacity. For this reason,
breakthrough measurements are more representative of
practical separations and limited research has focused in this
direction.22−24 Here we identify a suitable SSZ-13 candidate for
separating a CO2/N2 gas mixture based on its separation
potential and N2 productivity as it compares with traditional
benchmark sorbents. The intent of this study is to explore the
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effect of alkali cation exchange on CO2/N2 separation.
Specifically, the location and quantity of cations in the pores
of chabazite SSZ-13 will be correlated to differences in
adsorption of CO2 vs N2 via breakthrough experiments.
On the basis of our previous contribution,18,25 we used

submicron SSZ-13 of Si/Al = 5 as a starting material, which
provided a superior CO2 adsorption potential compared to
traditionally synthesized SSZ-13 of larger dimensions due to
the number of adsorption sites. To exploit the strong
interactions between the Lewis basic oxygens of CO2 and the
Lewis acidic cations in the framework, we performed a number
of exchanges with alkali cations (Li, Na, and K) on the starting
material (Na/H) (Figure S2). An illustration of a section of the
SSZ-13 framework structure with various potential sites of
cation incorporation is shown in Figure 2 (inset). Elemental
analysis (Table S1) of the highly crystalline SSZ-13 prior to any
additional ionic exchanges showed a Na/Al of 0.6 with the
remaining Al balanced by protons. The cation exchange degree
was increased by repeating the number of exchanges such that
0.7 (1Na-SSZ-13) and ca. 0.8 (2Na-SSZ-13) were obtained,
respectively, with protons balancing the residual framework
charge. The micropore volume as well as the corresponding
specific surface areas ranged between 0.22 and 0.27 cm3/g and
600−750 m2/g, respectively (Table S1 and Figures S3 and S4).
The pore size distribution of the microporous regime reflected
the internal dimensions of the SSZ-13 cage known to be 7.3 Å
× 12 Å. The sample exchanged with larger cations, K+ (r = 1.5
Å), presented a slightly smaller pore volume and surface area.
This can be attributed to apparent pore blocking, also
evidenced by the appearance of a minor contribution of
pores between 16 and 18 Å, which we assign to the
equilibration of N2 in insterstital pores between the crystallites.
This is due to the larger size of the K+ as well as its preferential
location in the center of the eight membered-ring (8MR).26

Unary CO2 and N2 equilibrium (static) adsorption
isotherms, shown in Figure 1, for the cation exchanged zeolites
showed slightly improved behavior compared to previously
reported SSZ-13 materials (Na/H).17 A maximum uptake of
∼5.0 mol/kg at a pressure of ca. 100 kPa was achieved for all
cation exchanged samples. On the contrary, N2 isotherms with
much lower affinity (less uptake) were observed for the same
samples with a maximum uptake of ∼0.8 mol/kg at 100 kPa
(Figures S5−S7). The resulting heat of adsorption for CO2

(Table S2) was found to be approximately 40 kJ/mol, which is

in line with previously published data on alkali-exchanged SSZ-
13.17

Using the ideal adsorbed solution theory (IAST), unary
equilibrium isotherms for CO2 and N2 were used to predict the
behavior in a binary gas mixture (15/85 CO2/N2) (Tables S3
and S4), where this ratio was chosen based on CO2 content of
harsh simulated flue gas conditions as reported in prior
literature.27 The resulting adsorption selectivity (Sads) corre-
lated to volumetric CO2 (QCO2) uptakes are shown in Figure 2

and compared to benchmark adsorbents, 13X and NiMOF-74
(Tables S5−S8).28 These data, showcased by the exchange with
Na+, suggest that increasing the exchange degree and inversely
decreasing the concentration of H+ (very poor interaction with
CO2) can improve both the selectivity of adsorption as well as
the uptake of CO2. However, the highest CO2 uptake is
obtained using the 2K-SSZ-13 sample, which we attribute to
dual cation sites in location SIII′ (the 8MR window) and SII

Figure 1. Equilibrium CO2 and N2 adsorption isotherms at 298 K for the cation-exchanged SSZ-13 samples. Lines are drawn to guide the eyes.

Figure 2. CO2/N2 adsorption selectivities determined using IAST
calculations (black) from equilibrium adsorption isotherms as a
function of volumetric CO2 uptake for a 15/85 CO2/N2 gas mixture at
298 K and 100 kPa. Benchmark materials for CO2 adsorption (red),
13X zeolite, and Ni-MOF-74 are also included for comparison. The
inset shows a depiction of the CHA zeolite framework consisting of
three double six-membered-ring units. Potential sites where cations
can be incorporated in the framework are shown. These sites are
labeled SII, SIII, and SIII′ as per Pham et al.17
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that are able to bind a larger number of CO2.
10 On the other

hand, Na+ is located primarily in SII (near the window of the
double six-membered ring). This is also the case for Li+, which,
despite having a stronger electric field, exhibits the lowest
selectivity because of a stronger electrostatic association for
N2.

29,30 When coupled with the apparent lower affinity for CO2
at low pressures, the result is a poor separation of the binary
mixture using Li+ exchanged SSZ-13. In contrast to the
benchmark materials, 13X and Ni-MOF-74, the other cation-
exchanged SSZ-13 samples performed significantly better. We
speculate that advantages over the inaccessible cations in
sodalite cages of 13X zeolite and the nonselective adsorption by
unsaturated metal sites of a large pore volume Ni-MOF-74 lead
to the improvements in CO2 selectivities observed by our SSZ-
13 samples.
The main focus of this contribution, however, is the

evaluation of cation-exchanged SSZ-13 in dynamic conditions
represented by binary, breakthrough (dynamic) adsorption
profiles using a 15/85 CO2/N2 gas mixture as depicted in
Figure 3. Consistent with equilibrium isotherms, higher affinity
of SSZ-13 for CO2 over N2 leads to sufficiently long differences
in breakthrough times for all investigated materials. Slight
differences compared to equilibrium isotherms and resultant
IAST calculations are, however, observed when investigating
increasing Na+ concentrations (Figure 3A). This can be
gathered from the distended nature of breakthroughs (e.g.,
2Na), caused due to a variety of reasons such as axial
dispersion, intracrystalline diffusion, and finite selectivities. For
SSZ-13 materials, intracrystalline diffusion effects are of
particular importance because the molecules need to diffuse
through narrow 8-ring windows of 3.8 Å × 4.2 Å separating
adjacent cages. When investigating the type of cation (Figure
3B), the same observation can be made with both 2Na and 2Li
having more distended breakthrough curves compared to 2K.
Under these dynamic conditions, the resulting CO2 capacities
(Table S9) were also significantly lower than those obtained
from equilibrium uptakes.
However, a more important characteristic of these break-

through experiments is the N2 productivity, which describes the
amount of pure N2 that can be collected at the outlet in a single
pass. This value is intricately linked to the separation potential
(eq 1). The latter can be calculated using the Shock wave
model and volumetric uptakes assuming that the maximum
achievable productivity of pure N2 is realized when both
intracrystalline diffusion and axial dispersion effects are

completely absent and the concentrations “fronts” of the fluid
mixture traverse the fixed bed in the form of shock waves.31
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In practice, the productivities will be lower than the calculated
ΔQ values due to the effects described above resulting in a
distended breakthrough. Therefore, more representative
transient breakthrough simulations for 15/85 CO2/N2 mixtures
at 298 K and 100 kPa were performed using the methodology
described in detail in the literature.28 All breakthrough
experiments could be simulated with good accuracy (Figures
S8−S10) with the same set of values for intracrystalline
diffusivities.
Figure 4 presents a plot of the productivity in a fixed bed

(requiring at least 99.95% pure N2 as assessed by a material
balance) as a function of the corresponding values of the
separation potential ΔQ, as determined earlier. It is interesting
to note that the best performing adsorbent (i.e., 2Na-SSZ-13)
with the highest selectivity from equilibrium based IAST
calculations (Figure 2) is outperformed by both the 1Na and

Figure 3. Dynamic adsorption profiles using a CO2/N2 gas mixture from breakthrough measurements. (A) Breakthrough profiles for SSZ-13 samples
with varying Na concentration. (B) Breakthrough profiles for SSZ-13 samples with varying cations.

Figure 4. N2 productivity as a function of the separation potential,
ΔQ, for the various cation-exchanged SSZ-13 zeolites in comparion
with benchmark adsorbents Ni-MOF-74 and 13X.
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even more so by the 2K-SSZ-13 sample. We speculate that this
discrepancy originates from a higher concentration of cations as
well as different locations of these cations within the zeolite
pores, thus affecting the diffusion. Specifically in the case of 2K-
SSZ-13, the possible location of K+ in the 8MR windows would
block access to the SSZ-13 cavity for less polar N2 compared to
CO2 (“trapdoor effect”),19 leading to the observed N2
productivity on par with Ni-MOF-74. Although this trapdoor
effect is usually observed for Si/Al < 3, given the expected
blocking of all 8MR with large cations (e.g., K+, Rb+ or Cs+),21

we postulate that under dynamic conditions, even incomplete
blocking of all cages can still significantly affect the diffusion
through the zeolite crystals and thus the N2 productivity.
In conclusion, we found that equilibrium-based IAST

calculations are inadequate to assess the potential of our
adsorbents for industrial applications. These processes are more
accurately described by breakthrough experiments, which
showed potential suitability of K+ exchanged SSZ-13 as an
efficient adsorbent for CO2 separation based upon the trapdoor
behavior of potassium ions blocking access to SSZ-13 cavities.
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General procedures, materials, and instrumentations: 

Experimental Methods 

Synthesis of these high-silica-containing-zeolites requires the use of templating organic 

molecules, in this case trimethyl-adamantyl ammonium hydroxide (TMAda-OH).  The positively 

charged TMAda+ molecule also fulfills a further function in partially balancing the negative charge 

of the zeolite framework induced by the incorporation of Al3+ into a Si4+ oxide network.  Besides 

ammonium cations, inorganic alkali cations, introduced during the synthesis or by post-synthetic 

ionic exchange procedures, also compensate part of the framework charge.  The smaller size of 

these alkali cations, enables the successful synthesis of SSZ-13 zeolites with low Si/Al ratios as 

well as affecting the Al-siting.1,2   

 

Synthesis of materials 

As-made. SSZ-13 was synthesized according to the procedure described by Prodinger et al3.  In 

short, a gel with the composition 20TMAdaOH:10Na2O:8.3Al2O3:100SiO2:4400H2O was 

prepared.  NaOH (Aldrich) was initially dissolved in H2O followed by the sequential addition of 

Al(OH)3 (54% Al2O3, Aldrich) and N,N,N-trimethyladamantyl-ammonium hydroxide (24.8 wt% 

in H2O, Sachem Zeogen 2825).  After the stirred solution became clear, fumed silica (0.007 µm 

average particle size, Aldrich) was slowly added.  The gel was aged at room temperature for 24 h 

prior to being placed in a Teflon-lined autoclave, placed on a stir plate (160 rpm), heated to 160 

°C and kept under these conditions for 4 days. Upon completion of the synthesis the suspension 
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was centrifuged and the solid residue was washed with deionized water to neutral pH before being 

dried overnight at 80 °C.   

 

Calcined (Na/H-form). To remove the organic structure directing agent, TMAdaOH, the zeolite 

was calcined first at 200 °C in synthetic air for 1 hour followed by 8 hours at 550 °C with a heating 

rate of 1 °C min-1. The obtained calcined zeolite, denoted as Na/H-form, had a Si/Al of 5 

determined with atomic absorption spectroscopy.3 

 

Ionic exchange. The Na/H-form was first exchanged to the NH4-form of SSZ-13.  First, 0.8 g of 

Na/H-SSZ-13 was immersed in 400 mL of a stirred 0.1 M NH4NO3(aq) solution at 80 °C and kept 

overnight. The suspension was then separated by centrifuge and the solid residue was washed 3 

times with 250 mL of deionized water until pH 7 was reached and then dried at 80 °C. To obtain 

Li+, K+ and Na+ exchanged forms of SSZ-13, two different ionic exchange procedures were 

employed. The first involved dispersing 0.4 g of NH4-SSZ-13 in 400 mL of aqueous 0.1 M NaNO3. 

The suspension was stirred overnight at 80 °C and then separated by centrifuge with the solid 

residue being washed twice with 250 mL of deionized water until pH 7 was reached, followed by 

drying at 80 °C. The sample was hereafter known as 1Na-SSZ-13. 

Additionally, an ionic exchange procedure reported by Gao et al.4 was utilized by immersing 0.4 

g of NH4-SSZ-13 in 400 mL of 0.1 M NaNO3, LiNO3 or KNO3 solution.  This solution was stirred 

at 80 °C for 1 hour and then separated before re-dispersing the solid residue in fresh solution and 

repeating the exchange at 80 °C for 1 hour. After completing the ionic exchange the solid residue 

was washed twice with 250 mL deionized water and then dried at 80 °C.  
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The samples obtained by these procedures were denoted by the number of ionic exchange steps, 

e.g. 1Na-SSZ-13, 2Na-SSZ-13, 2Li-SSZ-13, etc. 

 

 

X-ray diffraction (XRD) 

A Rigaku Mini Flex II benchtop X-ray diffractometer using a Cu-Ka radiation of 0.154056 nm (30 

kV and 15 mA) was used to obtain diffractograms of the zeolite samples. The samples were place 

in a powder sample holder and scanned from 5 to 65 ° 2θ with a step size of 2°/min under ambient 

conditions.  

 

N2-physisorption 

N2 adsorption at 77K was performed on an ASAP 2020 Micromeritics Porosimeter to calculate 

the surface area and pore volumes of all samples. The samples were activated prior to measurement 

by heating to 300° C and maintaining this temperature for 6 h under vacuum. The apparent surface 

area was determined using the BET method from the linear region of the isotherm yielding a 

positive C-constant as reported by Rouquerol et al.5 Single point adsorption at approximately 

P/P0=0.99 was used to determine the total pore volume of each material. The micropore volume 

and corresponding pore size distribution was determined using NL-DFT kernels for N2 in 

cylindrical pores on oxide surfaces as provided by the Micromeritics suite.  

 

TGA-MS 

Thermogravimetric analysis paired with mass spectrometry (TGA-MS) was performed on the 

materials to measure the percent of mass lost after activation/regeneration of the material.  The 
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instrument used was a Netzsch Instruments TG-209 F1 under a program of 5K/min ramp rate to a 

maximum temperature of 500°C with N2 flow (20 mL/min).  The mass spectrometric analysis was 

performed on a QMS 403 C Aeolos by Netzsch Instruments, while recording evolution of H2O (18 

m/z).  The amount of sample mass used for an experiment was typically between 9.0 and 11.0 mg. 

Thermogravimetric analysis (Figure S4) showed a loss of mass on the order of roughly 15% for 

each of the materials due to desorption of water and extraneous gas molecules residing within the 

pores of the materials. This desorption simulates the regeneration of the material performed in 

between characterization trials. This corrected mass after weight loss was utilized in the calculation 

of capacity measurements.  

 

Elemental Analysis (ICP-MS) 

The elemental composition was determined using ICP-MS after completely digesting the 

aluminosilicate samples in a HNO3/HF mixture and complexation of unreacted fluoride anions 

with H3BO3. 

 

Equilibrium Adsorption Measurements 

 CO2 and N2 adsorption isotherms 

Equilibrium CO2 and N2 adsorption isotherms were collected using an Autosorb iQ2 

Quantachrome automated gas sorption analyzer.  Each isotherm was measured with a volumetric 

dosing method from ~2.5-101.3 kPa at 15, 25, and 35°C for CO2 and 15, 20, 25°C for N2. The 

temperature was maintained using a water bath.  Prior to analysis, each sample was outgassed for 

12 hours at 110°C under vacuum.  
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The resulting unary isotherm was fit using the 1-site Langmuir-Freundlich model (eq. 1) for CO2 

and the 1-site Langmuir model (eq. 2) for N2 with the fitted parameters being reported in Table S2 

and Table S3. 

𝑞𝑞 = 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠
𝑏𝑏𝑝𝑝𝑣𝑣

1+𝑏𝑏𝑝𝑝𝑣𝑣
        (1) 

𝑞𝑞 = 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠
𝑏𝑏𝑝𝑝

1+𝑏𝑏𝑝𝑝
        (2) 

  

Heats of adsorption  

The heats of adsorption were calculated using the fitted parameters along with the Clausius-

Clapeyron equation. 

 

IAST calculations for mixture adsorption equilibrium 

SSZ-13 has CHA zeolite topology. The cages of volume 316 Å3 are separated by 3.8 Å × 4.2 Å 

8-ring windows, as shown in Figure S1.  

Two commonly used metrics for comparing and evaluating the separation performance of 

adsorbents are selectivity and capacity. For separation of a binary mixture of components A (CO2) 

and B (N2), the adsorption selectivity, Sads, is defined by 

𝑆𝑆𝑠𝑠𝑎𝑎𝑠𝑠 = 𝑞𝑞𝐴𝐴 𝑞𝑞𝐵𝐵⁄
𝑦𝑦𝐴𝐴 𝑦𝑦𝐵𝐵⁄

        (3) 

where the qA, and qB represent the molar loadings within the adsorbent that is in equilibrium with 

a bulk gas phase mixture with mole fractions yA, and yB = 1 - yA. In this work, we analyze 15/85 

CO2/N2 mixtures, and yA = 0.15 and yB = 0.85. The molar loadings, also called gravimetric uptake 

capacities, are usually expressed with the units mol kg-1. The volumetric uptake capacities, are 

𝑄𝑄𝐴𝐴 = 𝜌𝜌𝑞𝑞𝐴𝐴 ; 𝑄𝑄𝐵𝐵 = 𝜌𝜌𝑞𝑞𝐵𝐵       (4) 
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where ρ is the crystal framework density of the adsorbent, expressed say in units of kg m-3, or kg 

L-1. The framework densities for the five SSZ-13 adsorbents are provided in Table S4. The uptake 

capacities are calculated using unary isotherm fits, along with the Ideal Adsorbed Solution Theory 

(IAST) of Myers and Prausnitz6 for adsorption equilibrium. For 15/85 CO2/N2 mixtures at 298 K, 

and 100 kPa, IAST calculations of the adsorption selectivity versus the volumetric CO2 uptake for 

Na/H, 1Na, 2Na, 2K, and 2Li can be computed. The selectivity values of two benchmark 

adsorbents NiMOF-74, and 13X zeolite are also included for comparison. Their structural and 

isotherm data are provided in Tables S5, S6, and S7. 

 

Dynamic Breakthrough Adsorption Measurements 

A flow-through system for gas breakthrough experiments was assembled, a schematic of which 

is shown in Scheme 1.  The pure carrier gas, in this case helium, flowed from the gas cylinder 

through the manifold at approximately 101 kPa.  Initially, the flow-through column (internal 

diameter 0.18 in) capped with glass wool containing approximately between 100 and 250 mg of 

sample was opened to the flow of helium purge gas.  After passing through the column, the 

 
Scheme S1: A schematic representation of the 

experimental dynamic adsorption apparatus is shown. 
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majority of the helium was taken up by the vacuum, while a small aliquot of the total volume was 

extracted by the Stanford Research Systems residual gas analyzer 200 (RGA) attached to a Varian 

Turbo V-70 vacuum pump in line with an Edwards XDS 10 dry roughing pump, which measures 

the partial pressure of gases that compose the effluent.  At this juncture, the RGA trial was initiated 

and the readings from the RGA were allowed to stabilize for several minutes while on helium flow.  

Once the system had stabilized, the chosen gas mixture was introduced to the system by turning 

on the pump and manually switching from helium to the syringe pump. A calibrated mixture of 

85% nitrogen and 15% carbon dioxide (OXARC Inc.) was used. The composition of CO2 and N2 

in flue gas will vary based on the level of moisture, oxygen content, and harsher toxic gases like 

SO2 and NOx. However, in order to focus on the interaction between the cation exchanged 

materials and limited guest molecules for our experiments, a simplified mixture was chosen as a 

representative of simulated conditions. Prior to the experiment, the syringe pump was pressurized 

to approximately atmospheric pressure (ca. 101 kPa), and set to a constant flow rate of 1 mL/min.  

In order to maintain constant pressure in the manifold at the designated flow rate, a valve was in 

place that regulates the amount of gas being vacuumed out of the system after having passed 

through the column.  This pressure was measured with a calibrated pressure transducer (Omega 

Engineering) and the components of the setup were connected with PEEK polymer tubing (0.030 

in internal diameter).  Experiments were run until full breakthrough of the gas mixture was 

achieved in the RGA, signaled by flat lines in the readout. 

Prior to the first run, the material was activated at 150 °C for approximately 15 hours in order to 

remove any guest molecules remaining residually in the framework, such as water or oxygen.  

Custom aluminum blocks were crafted to fit around the flow-through column, which were fastened 

with heating tape and clamped into place.  The heater was plugged into an Extech Process PID 
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controller that connects to a thermocouple used to measure the real-time temperature of the 

aluminum blocks.  During the activation/regeneration process, the column was open to the vacuum 

side of the system and a helium stream that flowed through. 

 

Capacity Calculation Methodology 

Breakthrough measurements were conducted with the 85% N2 and 15% CO2 mixture at room 

temperature in order to demonstrate how the SSZ-13 zeolites would behave under conditions 

similar to post-combustion flue gas.  Initially, no CO2 is detected at the outlet.  As adsorption sites 

begin to saturate, small amounts of CO2 begin to pass through the material without being adsorbed, 

the RGA detects increasing amounts of CO2, generating a breakthrough curve until the partial 

pressure of CO2 reaches its maximum at the composition of the complete gas mixture being passed 

through the material.  The CO2 capacity (mol/kg) of the material was calculated by the equation 

 

𝑛𝑛 = 𝐹𝐹
𝑚𝑚∫ (𝐶𝐶0 − 𝐶𝐶) 𝑑𝑑𝑑𝑑∞

0         (5) 

 

where C0 is the adsorbate feed concentration of, C is the concentration of the adsorbate in the 

effluent at time t.  The integral is multiplied by a factor that is the quotient of the feed concentration 

flowrate F and the mass of the sample in the adsorbent bed, m.  This calculation integrates the area 

above the breakthrough curve, which represents the quantity of CO2 adsorbed. For simplification, 

in this model, the concentration of gas at any given time is assumed to be in the adsorbed phase 

rather than simply occupying pore space without interacting with framework (bulk phase). 
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The error in capacity calculation was derived from run to run for the same batch of material. 

Deviations range from ±5-10% of the average capacity determined from a minimum of 3 

reproduced runs for each material with regenerated adsorbent.  

 

Simulation of separation in fixed bed adsorbers 

As a means of enhancing CO2 separation efforts, one can also consider the objective of purifying 

N2, leaving the residual stream, CO2 enriched. Thus, we can compare the adsorbents on their ability 

to produce pure nitrogen. The maximum achievable productivity of pure N2 is realized when both 

intracrystalline diffusion and axial dispersion effects are completely absent and the concentrations 

“fronts” of the fluid mixture traverse the fixed bed in the form of shock waves.7 For a binary 

mixture with mole fractions yA and yb = 1 - yA in the feed mixture, the maximum achievable 

productivity, ΔQ, called the separation potential can be calculated using the shock-wave model; 

the result is7: 

𝛥𝛥𝑄𝑄 = �𝑄𝑄𝐶𝐶𝐶𝐶2
𝑦𝑦𝑁𝑁2

1−𝑦𝑦𝑁𝑁2
−  𝑄𝑄𝑁𝑁2�      (6) 

The physical significance of ΔQ, conveniently expressed in the units of mol per L of adsorbent, is 

that it represents the maximum amount of pure component N2 (less strongly adsorbed component) 

that can be recovered during the adsorption phase of fixed bed separations. The value of ΔQ can 

be determined from IAST calculations. 

In practice, the productivities will be lower than the values calculated from equation (6) due to 

the distended nature of breakthroughs due to a variety of reasons such as intra-crystalline diffusion, 

and finite values of selectivities. For a proper evaluation of the separation performance of different 

adsorbents, we performed transient breakthrough simulations, where the methodology used in the 
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simulations is the same as that described in detail in previous works.7-9 A brief summary is 

provided hereunder. 

We neglect axial dispersion effects and consider plug flow of an n-component gas mixture 

through a fixed bed adsorber maintained under isothermal, isobaric, conditions; see Figure S6. The 

molar concentrations of the constituent species in the bulk fluid phase vary with position z along 

the bed, and time, t. At any position z in the fixed bed, and time t, the molar loadings in the 

adsorbed phase within the pores, varies along the radius of the particle, r. The molar concentrations 

in the gas phase at any position and instant of time are obtained by solving the following set of 

partial differential equations for each of the species i in the gas mixture.10 

𝜕𝜕𝑐𝑐𝑖𝑖(𝑠𝑠,𝑧𝑧)
𝜕𝜕𝑠𝑠

+  𝜕𝜕(𝑣𝑣(𝑠𝑠,𝑧𝑧)𝑐𝑐𝑖𝑖(𝑠𝑠,𝑧𝑧))
𝜕𝜕𝑧𝑧

+ (1−𝜀𝜀)
𝜀𝜀

𝜌𝜌 𝜕𝜕𝑞𝑞𝚤𝚤� (𝑠𝑠,𝑧𝑧)
𝜕𝜕𝑠𝑠

= 0;     𝑖𝑖 = 1,2, …𝑛𝑛 (7) 

In equation (7), t is the time, z is the distance along the adsorber, ρ is the framework density, ε 

is the bed voidage, v is the interstitial gas velocity, and 𝑞𝑞𝚤𝚤� (𝑑𝑑, 𝑧𝑧) is the spatially averaged molar 

loading within the crystallites of radius rc, monitored at position z, and at time t. The time t = 0, 

corresponds to the time at which the feed mixture is injected at the inlet to the fixed bed. Prior to 

injection of the feed, it is assumed that an inert, non-adsorbing, gas flows through the fixed bed. 

At any time, t, during the transient approach to thermodynamic equilibrium, the spatially 

averaged molar loading within the crystallite rc is obtained by integration of the radial loading 

profile: 

𝑞𝑞𝚤𝚤� (𝑑𝑑) = 3
𝑟𝑟𝑐𝑐3
∫ 𝑞𝑞𝑖𝑖(𝑟𝑟, 𝑑𝑑)𝑟𝑟2𝑑𝑑𝑟𝑟𝑟𝑟𝑐𝑐
0       (8) 
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For transient unary uptake within a crystal at any position and time with the fixed bed, the radial 

distribution of molar loadings, qi, within a spherical crystallite, of radius rc, is obtained from a 

solution of a set of differential equations describing the uptake 

𝜕𝜕𝑞𝑞𝑖𝑖(𝑟𝑟,𝑠𝑠)
𝜕𝜕𝑠𝑠

= − 1
𝜌𝜌
1
𝑟𝑟2

𝜕𝜕
𝜕𝜕𝑟𝑟

(𝑟𝑟2𝑁𝑁𝑖𝑖)      (9) 

The molar flux Ni of component i may be described by the simplified version of the Maxwell- 

Stefan equations in which both correlation effects and thermodynamic coupling effects are 

considered to be of negligible importance8 

𝑁𝑁𝑖𝑖 = −𝜌𝜌Ð𝑖𝑖
𝜕𝜕𝑞𝑞𝑖𝑖
𝜕𝜕𝑟𝑟

        (10) 

Summing equation (8) over all n species in the mixture allows calculation of the total average 

molar loading of the mixture within the crystalline: 

𝑞𝑞𝑠𝑠� (𝑑𝑑, 𝑧𝑧) = ∑ 𝑞𝑞𝚤𝚤� (𝑑𝑑, 𝑧𝑧)𝑛𝑛
𝑖𝑖=1        (11) 

The interstitial gas velocity is related to the superficial gas velocity by: 

𝑣𝑣 = 𝑢𝑢
𝜀𝜀

         (12) 

The molar loadings at the outer surface of the crystallites, i.e. at r = rc, are calculated on the basis 

of adsorption equilibrium with the bulk gas phase partial pressures pi at that position z and time t. 

The adsorption equilibrium can be calculated on the basis of the IAST description of mixture 

adsorption equilibrium. 

The adsorber bed that is operated under isothermal, isobaric conditions is assumed to be initially 

free of adsorbates, i.e. we have the initial condition: 

𝑑𝑑 = 0;     𝑞𝑞𝑖𝑖(0, 𝑧𝑧) = 0       (13) 
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Equation (13) is relevant to the operation of the transient breakthrough experiments on a 

laboratory scale, but is not truly reflective of industrial operations. 

At time, t = 0, the inlet to the adsorber, z = 0, is subjected to a step input of the n-component gas 

mixture and this step input is maintained till the end of the adsorption cycle when steady state 

conditions are reached. 

𝑑𝑑 ≥ 0;     𝑝𝑝𝑖𝑖(0, 𝑑𝑑) = 𝑝𝑝𝑖𝑖0;       𝑢𝑢(0, 𝑑𝑑) = 𝑢𝑢0    (14) 

where u0 = v0ε is the superficial gas velocity at the inlet to the adsorber. 

The experimental data for Na/H, 1Na, 2Na, 2K, and 2Li adsorbents (cf. Figure S7a) show 

distended characteristics for CO2 breakthroughs. This indicates that intra-crystalline diffusion 

effects are non-negligible. The parameter Ð𝑖𝑖
𝑟𝑟𝑐𝑐2

 quantifies the intra-crystalline diffusion limitations. 

We first performed transient breakthrough simulations under the precise conditions of the 

breakthrough experiments for the five SSZ-13 experiments in order to determine the parameter 

values Ð𝑖𝑖
𝑟𝑟𝑐𝑐2

. Figures S7(b,c,d,e,f) present comparisons of the experimental data on CO2 

breakthroughs for (b) Na/H, (c) 1Na, (d) 2Na, (e) 2K, and (f) 2Li adsorbents with transient 

breakthrough simulations taking Ð𝐶𝐶𝐶𝐶2
𝑟𝑟𝑐𝑐2

= 2𝑥𝑥10−4𝑠𝑠−1, and Ð𝑁𝑁2
𝑟𝑟𝑐𝑐2

= 2𝑥𝑥10−3𝑠𝑠−1. These fitted 

diffusivity values capture the essential characteristics of the experimental breakthroughs; the fitted 

values were used for purposes of comparative evaluations. 

For the benchmark adsorbents Ni-MOF-74 and 13X zeolite, the value of Ð𝑖𝑖
𝑟𝑟𝑐𝑐2

 is large enough to 

ensure that intra-crystalline gradients are absent and the entire crystallite particle can be considered 
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to be in thermodynamic equilibrium with the surrounding bulk gas phase at that time t, and position 

z of the adsorber: 

𝑞𝑞𝑠𝑠� (𝑑𝑑, 𝑧𝑧) = 𝑞𝑞𝑖𝑖(𝑑𝑑, 𝑧𝑧)       (15) 

 

Comparison of SSZ-13 with benchmark adsorbents 

For comparing the separations with SSZ-13 with benchmark adsorbents NiMOF-74 and 13X 

zeolite, we choose the following dimensions for the fixed bed adsorber: adsorber length, L = 0.3m; 

cross-sectional area, A = 1 m2; superficial gas velocity in the bed, u0 = 0.04 m s-1; voidage of the 

packed bed, ε = 0.4. In these breakthrough simulations we use the same volume of adsorbent in 

the breakthrough apparatus, i.e. (1 - ε) A L = 0.18 m3 = 180 L. 

For presenting the breakthrough simulation results, we use the dimensionless time, 𝜏𝜏 = 𝑠𝑠𝑢𝑢
𝐿𝐿𝜀𝜀

, 

obtained by dividing the actual time, t, by the characteristic time, 𝐿𝐿𝜀𝜀
𝑢𝑢

, where L is the length of the 

adsorber, u is the superficial fluid velocity, and ε is the bed voidage.11 As illustration, Figure S8 

presents the transient breakthrough simulations for 15/85 CO2/N2 mixtures at 298 K, and 100 kPa 

in a fixed bed packed with 2K-SSZ-13. During the time interval Δτ, as indicated in Figure S8, pure 

N2 can be recovered. We arbitrarily demand a purity of 99.95% for N2. From a material balance 

on the adsorber, we can determine the productivity of 99.95% pure N2 from the transient 

breakthrough simulations. 

The separation potential 𝛥𝛥𝑄𝑄 =  𝑄𝑄𝐶𝐶𝐶𝐶2
0.85
0.15

− 𝑄𝑄𝑁𝑁2 can also be computed and evaluated against the 

productivity to evaluate the separation performance of the adsorbents.  
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Figure S1. Pore landscape and structural details of CHA zeolite framework consisting of three 

double six-membered-ring units.3  

 

 

 

 

Figure S2. Powder X-ray diffractograms (PXRD) showing the various exchanged forms of SSZ-

13. Patterns matching the CHA framework structure are observed in all cases. Individual samples 

are denoted in the legend. 
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Figure S3. N2 equilibrium isotherms at 77K and corresponding pore size distributions as 

determined with NL-DFT models for the alkali exchanged SSZ-13 materials. 
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Table S1. Cation exchange degrees as determined by elemental analysis and pore geometries 

calculated from N2 isotherms at 77K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Cation/Al BET  
(m2/g) 

Micropore 
volume  
(cm3/g) 

Na/H-SSZ-13 0.6 735 0.26 

1Na-SSZ-13 0.7 680 0.25 

2Na-SSZ-13 0.78 675 0.25 

2K-SSZ-13 0.78 600 0.19 

2Li-SSZ-13 0.83 735 0.27 
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Figure S4. TGA-MS for the synthesized SSZ-13 samples. 
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Figure S5. Equilibrium CO2 and N2 adsorption isotherms for Na/H, 1Na and 2Na-SSZ-13 samples 
at different temperatures. 
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Figure S6. Equilibrium CO2 and N2 adsorption isotherms for 2K-SSZ-13 samples at different 
temperatures. 
 
 

 
 
 
 
 
 

 
 
 
Figure S7. Equilibrium CO2 and N2 adsorption isotherms for 2Li-SSZ-13 samples at different 
temperatures. 
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Table S2. Heat of adsorption for SSZ-13 samples as calculated using the Clausius Clapyeron 

equation after fitting equilibrium isotherms at different temperatures to the 1-site Langmuir-

Freundlich adsorption model (eq. 1). *Qst values were averaged over the range of uptake amounts 

given the negligible difference in heat evolved as a function of loading. 

 

 Chabazite 
samples 

Heat of Adsorption* 
(kJ/mol) 

Na/H-SSZ-13 41.0 

1Na-SSZ-13 41.5 

2Na-SSZ-13 41.6 

2K-SSZ-13 45.2 

2Li-SSZ-13 39.6 
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Table S3. Fitted parameters derived from the 1-site Langmuir-Freundlich model using 

experimental, unary, equilibrium CO2 adsorption isotherms for each SSZ-13 sample measured at 

298K. 
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Table S4. Fitted parameters derived from the 1-site Langmuir model using experimental, unary, 

equilibrium N2 adsorption isotherms for each SSZ-13 sample measured at 298K. 
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Table S5. Framework densities of the SSZ-13 adsorbent samples. 
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Table S6. Structural data for Ni-MOF-74 and 13X zeolite. 

 

Sorbent Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Framework 
density (kg/m3) 

Ni-MOF-74 1532 0.582 1194 

13X zeolite 950 0.280 1421 

NiMOF-74 = (Ni2(dobdc) where dobdc = (dobdc = 1,4-dioxido-2,5-
benzenedicarboxylate)). This MOF consists of one-dimensional hexagonal-shaped 
channels with free internal diameter of ca. 11 Å. The 13 X zeolite, has FAU topology. 
The FAU topology consists of 785.7 Å3 size cages separated by 7.4 Å size windows. 
Cage size is calculated on the basis of the equivalent sphere volume. 
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Table S7. 1-site Langmuir-Freundlich parameters for unary CO2 and N2 isotherms at 298 K in 

Ni-MOF-74. 

 

 qsat 
(mol/kg) 

b 
(Pa-ν ) 

ν 
 

dimensionless 

CO2 9.4 9.0242E-04 0.66 

N2 9.4 1.1911E-03 0.44 
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Table S8. Fitted parameters derived from dual-site Langmuir model using CO2 and N2 adsorption 

isotherms reported by Belmabkhour et al.13 and Cavenati et al.14 for 13X zeolite measured at 298K. 

The fits were performed after converting the excess data to absolute loadings.  

 

Dual-site Langmuir model: ,  

with T-dependent bA and bB:  
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Table S9. Bulk CO2 capacities obtained by integrating the breakthrough adsorption profiles 

obtained using a CO2/N2 gas mixture flowing through a packed bed of sample at 298K and 1 bar. 

The calculations were performed using equation (5).  
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Figure S8. Schematic of fixed bed adsorber filled with adsorbent particles of radius rc. 
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Figure S9. (a) Experimental data on breakthroughs for 15/85 CO2/N2 mixtures at 298 K, and 100 

kPa showing the dimensionless concentrations of CO2 at the outlet for Na/H, 1Na, 2Na, 2K, and 

2Li adsorbents. (b, c, d, e, f) Comparison of experimental data on breakthroughs for (b) Na/H, (c) 

1Na, (d) 2Na, (e) 2K, and (f) 2Li adsorbents with transient breakthrough simulations taking 
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Figure S10. Transient breakthrough simulations for 15/85 CO2/N2 mixtures at 298 K, and 100 kPa 

in a fixed bed packed with 2K-SSZ-13. 
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