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Abstract:

CO2 capture from post-combustion flue gas mixture (CO2/N2:15/85) is challenging and
requires adsorbents with high capacity and high selectivity toward CO2. Our work
validated the potential of transition metal cation-exchanged SSZ-13 zeolites for
efficient CO2 capture, as evaluated by unary static isothermal adsorption and binary
dynamic column breakthrough experiments as well as predicted performance in
pressure/vacuum swing adsorption (P/VSA) process. Among the investigated transition
metals (Co(II), Ni(II), Zn(II), Fe(III), Cu(II), Ag(I), La(III), and Ce(III)) exchanged
SSZ-13, Co(II)/SSZ-13 and Ni(II)/SSZ-13 showed the highest CO2 uptake (4.49 and
4.45 mmol/g, respectively) and superior selectivity of CO2 over N2 (52.55 and 42.61,
respectively) at 273 K and 1 atm. We attribute such outstanding separation performance
to the Pi backdonation exclusively formed between CO2 and transition metal cation
sites. This demonstrates a new approach of developing adsorbents for CO2 capture in
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the real-world industrial processes.
Keywords: CO2 capture, adsorption, zeolites
1. Introduction
The anthropogenic CO2 emitted due to burning fossil fuels has increased
dramatically since the industrial revolution and reached a historic high level of 32.5 Gt
in 2017[1] which doubled that in 1975 (15.5 Gt)[2]. The excessive CO2 emission has
already led to climate change, evidenced by various serious consequences, such as sea
level rise and more frequent extreme weather events. To address this pressing issue,
cutting CO2 emission is urgently needed. Post-combustion capture can be a facile and
cost-effective process to reduce industrial CO2 emissions if high-performance solid
adsorbents are provided to efficiently remove the minor component (i.e., CO2) from
flue gas mixture (CO2/N2:15/85)[3].
An ideal adsorbent for CO2 capture should have high CO2 capacity, high CO2
selectivity, high hydrothermal stability, and the ease of regeneration. The widely used
CO2 adsorbents include alkali metal ion-exchanged zeolites [4-7], amine-grafted solid
sorbents [7], metal-organic frameworks (MOFs) and carbon-based materials [5, 6],
which selectively remove CO2 through chemisorption or physisorption. However, these
materials have their respective drawbacks, such as high parasitic energy, low
(hydro)thermal stability, or low working capacity, preventing them from practical
applications. Moreover, conventional physisorption- and chemisorption-based
adsorbents can hardly provide high selectivity and high regenerability simultaneously.
Physisorption featuring weak van der Waals interactions (binding energy < 40 kJ/mol)
allows for facile regeneration but often suffers from a low selectivity. For chemisorption,
the adsorbents usually strongly interact with certain adsorbates (binding energy > 40
kJ/mol) to provide a high selectivity, but the overly strong interaction requires energyintensive regeneration. To address this dilemma, we propose to develop adsorbents
featuring Pi-complexation interaction which have the potential to afford both high
selectivity and regenerability by selectively binding targeted molecules with moderate
strength.
Here we report transition metal ion-exchanged SSZ-13 zeolites as Pi-complexation
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adsorbents to efficiently capture CO2 from post-combustion flue gas mixture. SSZ-13
is a highly stable small-pore zeolite with chabazite topology composed of four-, sixand eight-membered rings (Schematic 1). The double six-membered ring prisms are
formed by the corner-sharing Al/SiO4 tetrahedra which are further connected to form a
supercage (6.7 × 10 Å) with eight-membered ring (8MR) windows (ca. 3.8 Å in
diameter). The small pore aperture size of 8MR has been reported to permit size
exclusion for molecules in the adsorption process[8] and the pore size can be further
tuned by introducing different cations at the aperture.

Schematic 1. SSZ-13 with chabazite topology containing a supercage (6.7 × 10 Å) with 8membered ring (8MR) windows (ca. 3.8 Å in diameter); SI~SIII’ are the possible positions of
extra-framework cations.

Here we selected transition metal ions (Co(II), Ni(II), Zn(II), Fe(III), Cu(II), Ag(I),
La(III), and Ce(III)) as extra-framework cations in SSZ-13 because: (1) the transition
metal ion residing in the pores are capable of imparting high electric field gradients
which enable strong electrostatic interaction with molecules with high polarizability,
magnetic susceptibility, and quadrupole moment, such as CO2 (Table S1); and (2) the
transition metal can also interact with CO2 molecule through Pi-complexation [9]
(Schematic 2) by forming both sigma bond and the Pi backdonation. On the other hand,
we selected zeolite as the backbone because the high electronegativity of zeolite
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frameworks can strongly attract electrons from a cation, which makes the cation to more
readily receive the electrons from guest molecules[10]. In this regard, the existence of
transition metal ions as active adsorption sites in SSZ-13 is anticipated to impart a
stronger affinity compared with alkaline metal ions. Overall, the unique property of
transition metal ion-exchanged SSZ-13 adsorbents would allow for a high CO2
adsorption capacity.

Schematic 2. Pi-complexation interaction between a CO2 and a transition metal ion by forming
sigma bond (electrons on the Pi orbital of CO2 donated to the s orbital of transition metal) and
Pi backdonation (electrons on the d orbital of transition metal back-donated to the Pi* orbital
of CO2).

2. Experimental

2.1 Preparation of transition metal ion-exchanged SSZ-13
2.1.1 H/SSZ-13 (Si/Al = 12)

The H/SSZ-13 sample was synthesized following a reported procedure [11].
Typically, 39.6 g of N, N, N-trimethyl-1-adamantanamine hydroxide (TMAdaOH, 25
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wt%, Sachem Inc.) and 19.5 g of tetraethyl orthosilicate (TEOS, sigma 98%) were first
mixed with 4.05 g of DI water. The resulting solution was stirred for 2 h at room
temperature in a sealed PP bottle. Afterwards, 1.05 g of aluminum ethoxide (Strem
Chemical, 99%) was added into the solution and stirred for another 1 h. Subsequently,
the gel was transferred into a 100 mL Teflon-lined autoclave and heated at 413 K under
static conditions for 6 days. After the crystallization, the product was vacuum filtered,
washed with extensive DI water, and dried at 353 K overnight. Finally, the assynthesized product was calcined in air atmosphere at 823 K for 8 h with a ramping rate
of 2 K/min.

2.1.2 Ionic exchange

A series of transition metals (Ni, Zn, Cu, Co, Fe, Ce, La, and Ag) were introduced
into SSZ-13 by ionic exchange. The calcined H/SSZ-13 was first ion-exchanged into
ammonia form (NH4/SSZ-13) by mixing with 0.5 M NH4NO3 solution at 353 K for 12
h twice, followed by vacuum filtration with extensive DI water. The transition metal
ion-exchanged SSZ-13 was prepared using the similar procedure to that of NH4/SSZ13, except that the 0.5 M of respective transition metal nitrate solution was used instead
of NH4NO3 solution.

2.2 Characterizations

A series of characterizations were used to determine the physical and chemical
properties (structure, morphology, chemical composition, and porosity) of the zeolite
adsorbents.

2.2.1 X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) patterns were measured to determine the crystal
structure with an X-ray diffractometer (X′Pert3 Powder, PANalytical, Netherlands)
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using Cu Kα radiation (40 kV, 40 mA). Samples were dried at 353 K overnight and
ground into fine powder prior to test.

2.2.2 Scanning Electron Microscopy (SEM)

The

morphologies of

samples

were

determined

by scanning

electron

microscopy (SEM) (EVO MA10, ZEISS, Germany). To obtain high quality images, the
samples were coated with gold by sputtering for 140 s (sputter current:

20

mA).

Images of all samples were taken at a magnification of 20000x.

2.2.3 Energy dispersive spectroscopy (EDX)

To determine the chemical composition (e.g., Si/Al and metal/Al ratios) of the
samples, energy dispersive spectroscopy (EDX) was measured by an EDX detector
(Oxford Aztec Energy X-MAX 50) equipped in scanning electron microscopy (SEM)
(FEI Quanta 450 FEG). Over 20 points in different areas were selected for each sample
and the corresponding EDX patterns are shown in Fig. S1.

2.2.4 N2 adsorption at 77 K

The porosity of transition metal ion-exchanged SSZ-13 zeolites were measured
using N2 at 77 K on a Micromeritics 3Flex. All the samples were degassed at 423 K
overnight under vacuum prior to measurements. The pore size distribution, the surface
area, and the micropore volume were obtained from the Horvath-Kawazoe model, the
BET model, and t-plot method, respectively.

2.3 Equilibrium Adsorption Measurements

2.3.1 CO2 and N2 isotherms
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The CO2 and N2 adsorption was measured at 273 K, 298 K, and 313 K with a
pressure range of 0-101.3 kPa using a Micromeritics 3Flex. Temperature was controlled
by a Julabo thermal stat circulation bath with heating and cooling functions. Before the
gas adsorption, the samples were activated at 423 K (ramping rate: 2 K/min) for 8 h
under vacuum. The resulting unary isotherms were fitted by the single-site LangmuirFreundlich model (eq. 1).
𝑏𝑃𝑐

( 1 )

q = 𝑞𝑠𝑎𝑡 1+𝑏𝑃𝑐

2.3.2 Selectivity

The selectivity was calculated using ideal adsorbed solution theory (IAST)
method[12], where 𝑞𝐶𝑂2 and 𝑞𝑁2 represent the loading of CO2 and N2, and 𝑥𝐶𝑂2 and
𝑥𝑁2 represent the mole proportion of CO2 and N2 in the gas mixture. In this study, the
gas-phase CO2 / N2 is 15/85, so 𝑥𝐶𝑂2

0.15 and 𝑥𝑁2

0.85. This ratio is selected

according to the CO2 proportion in simulated flue gas conditions[12].
𝑞𝐶𝑂2 /𝑞𝑁2

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑥

𝐶𝑂2 /𝑥𝑁2

( 2 )

2.3.3 Isosteric heat of adsorption

The isosteric heat of adsorption is the heat released during the adsorption process,
which reflects the interaction strength between adsorbates and adsorbents. It can be
determined either theoretically (by adsorption isotherms at different temperatures)[13]
or experimentally (by calorimeter)[14]. The former is called the isosteric heat of
adsorption which is the change of enthalpy in an adsorption process[15].
The isosteric heat of adsorption was calculated as follows:
1) Plot the 𝐥𝐧𝑷𝒊 versus 𝟏/𝐓 at different gas uptakes and get the slopes (K) of these
linear plots;
2) ∆H -K×R (Derived from Equation 2).
Δ𝐻

𝑙𝑛 𝑃𝑖 = − 𝑅𝑇 + 𝐶

( 3 )
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Pi at different loadings were obtained from the fitted isotherms at different temperatures
(273 K, 298 K, and 313 K, respectively). With a given loading, the Pi can be calculated
according to the fitted equation.

2.3.4 Separation ability of CO2 from N2 in a flue gas mixture for PSA and VSA process

The criteria considering the cyclic nature and the mixture conditions of the
PSA/VSA processes are needed for the evaluation[16] (Table S2): (1) CO2 uptake under
adsorption conditions (mmol/g), 𝑵𝒂𝒅𝒔
𝑪𝑶𝟐 ; (2) Working CO2 capacity (mmol/g), ∆𝑵𝑪𝑶𝟐 ;
(3) Regenerability (%), R; and, (4) Selectivity, 𝜶𝒂𝒅𝒔
𝑪𝑶𝟐 /𝑵𝟐 . The CO2/N2 ratio in the gas
mixture is assumed as 15/85. The typical adsorption and desorption pressures of the
PSA process are 506.5 and 101.3 kPa, respectively[17, 18]. For the VSA process, the
adsorption and desorption pressures are 101.3 and 10.1kPa[16], respectively.

2.3.5 Breakthrough experiments

The breakthrough experiments were conducted using an in-house built rig. The
adsorbents were pelletized and cut into ca. 3 mm cubes to reduce the pressure drop
during the breakthrough test before being loaded into a fixed bed adsorber (21.4 cm in
length, 0.95 mm in internal diameter). The adsorbent was activated at 423 K (with a
ramping rate of 2 K/min from ambient temperature) for 16 h in Argon (10 cc/min) to
remove the pre-adsorbed impurities and then cooled back to room temperature. A
stream of 15 % CO2 and 85 % N2, created by mixing pure CO2 and N2 gases through
mass flow controllers, was fed into the adsorber at room temperature. The total gas flow
rate of the feed gas was 10 cc/min and the component in the exhaust gas was determined
by a Mass Spectroscopy.

3. Results and discussion
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3.1 Sample preparation and characterization

For all prepared samples, the positions of the Bragg peaks were consistent with that
of the standard one [19], suggesting the high crystallinity and high purity of our samples
(Fig. 1). Meanwhile, there was no additional peaks appearing in the PXRD patterns of
the mentioned samples, indicating impurities, such as metal oxides and metal particles
(i.e., larger than 1 nm), are not present[20, 21]. The background near 20-25 degrees of
Fe(III)/SSZ-13 sample was slightly higher than that in other samples, which is probably
caused by the presence of some amorphous phases.

Fig. 1. PXRD patterns of as-prepared SSZ-13 zeolite adsorbents of different cation form
compared with the standard pattern[22].
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Fig. 2. SEM images of the as-synthesized samples: (a) Co(II)/SSZ-13, (b) Ni(II)/SSZ-13, (c)
Zn(II)/SSZ-13, (d) Fe(III)/SSZ-13, (e) Cu(II)/SSZ-13, (f) Ag(I)/SSZ-13, (g) La(III)/SSZ-13,
(h) Ce(III)/SSZ-13.

As shown in Fig. 2, the transition metal ion-exchanged samples display uniformed
particle size (around 1 μm) and similar elliptical shape, which is in good agreement
with that of H/SSZ-13 (Si/Al 12) [23].

The porosity and chemical composition of the materials are highly related to the
performance of gas adsorption. The pore size distribution, the surface area, and the
micropore volume are the three porosity parameters considered in this work which are
obtained from the Horvath-Kawazoe model, the BET model, and t-plot method,
respectively. These factors significantly affect the accessibility of the gas molecules to
the internal surface of the adsorbents. The metal/Al ratio is a parameter indicating the
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metal density and exchange degree which relates to the gas adsorption capacity since
the transition metal ions act as active sites in the adsorption process.
The N2 isotherms conducted at 77 K for all the samples are shown in Fig. 3(a and
b). As anticipated, the presence of the micropores in all the samples is observed, as
suggested by the sharp slopes of the isotherms at the low relative pressure range. The
hysteresis loops appearing at higher relative pressure (ca. 0.4~0.8) indicates the
existence of mesopores which are the external pores formed by the stacking of the
particles. Among the adsorbents, Fe(III)/SSZ-13 owns the largest proportion of the
mesopores which are formed by the amorphous species. Other transition metal
contained SSZ-13 show a Vmic/Vt ratio of 48~78 %, indicating the micropores are
dominated in these samples.

Fig. 3. N2 adsorption isotherm @ 77 K (a) relative pressure of 0~1; (b) relative pressure of
0~0.1, and (c) pore size distribution.

Table 1.
Porosity and chemical composition of as-prepared adsorbents
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Physiochemical

Si/Al

Metal/Al

properties

Exchange

Surface area

Total pore volume

Micropore volume

Vmic/Vt

degree (%)

SBET (m2/g)

Vt (cm3/g)

Vmic (cm3/g)

(%)

Co(II)/ SSZ-13

9.92±0.33

0.37±0.03

74.00±6

786.75

0.44

0.23

52.27

Ni(II)/ SSZ-13

10.04±0.47

0.25±0.06

50.00±12

836.01

0.44

0.23

52.27

Zn(II)/ SSZ-13

10.62±0.73

0.37±0.12

74.00±24

741.19

0.41

0.2

48.78

Fe(III)/ SSZ-13

17.58±0.93

0.28±0.05

84.85±15

772.91

0.57

0.17

29.82

Cu(II)/ SSZ-13

10.31±0.45

0.31±0.05

62.00±10

654.69

0.38

0.19

50.00

Ag(I)/ SSZ-13

11.99±0.66

0.67±0.06

67.00±6

770.88

0.33

0.26

78.79

La(III)/ SSZ-13

10.67±1.11

0.21±0.06

63.64±18

762.77

0.41

0.24

58.54

Ce(III)/ SSZ-13

11.15±0.65

0.16±0.03

48.48±9

810.24

0.46

0.26

56.52

H/ SSZ-13

11.97±0.65

/

/

958.47

0.41

0.32

78.05

The chemical composition of the adsorbents determined by EDX are shown in Table
1. The Si/Al ratios of Cu(II)/SSZ-13, Zn(II)/SSZ-13, Ni(II)/SSZ-13 and Co(II)/SSZ-13
range from 9.92 to 10.62, which are a bit lower than the nominal value (Si/Al 12). This
is probably because of the existence of extra-framework aluminum which cannot be
distinguished from the frame-work alumina by EDX. As a result, the excessive Al
contributes to the lower Si/Al. The exchange degree of the metal ions ranges from 48.48
to 74%. La(III) shows the lowest exchange degree (48.48%), which is possibly due to
the inaccessibility caused by the larger atomic radius/hydrate size of the lanthanum. For
Fe(III)/SSZ-13, the significantly high Si/Al is probably due to the existence of uncertain
amorphous phase or dealumination during ion exchange process. The amorphous Fe
species favors the highest exchange degree. The exchange degree can further affect the
porosity of the materials.
As shown in Table 1, the adsorbent with a lower exchange degree tend to exhibit a
higher surface area, such as Ni(II)/SSZ-13 and La(III)/SSZ-13. For Cu(II)/SSZ-13, the
surface area is the lowest although the ion exchanged degree is not high (62%). This is
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possibly due to the blockage of some micropores. For Fe(III)/SSZ-13, both exchange
degree and the pore volume are the highest among the adsorbents. This is caused by the
existence of Fe(III) amorphous species, as revealed by the XRD study.
The total pore volume (Vt) includes the micropore volume (Vmic) contributed by
pore space in supercages of zeolites as well as the volume contributed by the mesopores
formed by the stacked particles (as evidenced by the hysteresis loops in Fig. 3 below).
The surface area is mainly determined by the area of micropores. Therefore, the surface
area should correlate with the micropore volume rather than the total pore volume. As
shown in Table 1, the H/SSZ-13 has higher Vmic value than those of metal-SSZ-13, and
thus in turn the H/SSZ-13 has the higher surface area than others.

3.2 Gas adsorption

Fig. 4. CO2 and N2 isotherms (@ 273 K, 298 K, and 313 K): (a) Co(II)/SSZ-13, (b) Ni(II)/SSZ13, (c) Zn(II)/SSZ-13, (d) Fe(III)/SSZ-13, (e) Cu(II)/SSZ-13, (f) Ag(I)/SSZ-13, (g)
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La(III)/SSZ-13, (h) Ce(III)/SSZ-13 and (i) H/SSZ-13. (▲) and (●) represent CO2 and N2,
respectively.

Clearly, CO2 and N2 exhibited significant difference in adsorption behavior on all
SSZ-13 samples at 273, 298, and 313 K (Fig. 4). The uptake of CO2 on all the samples
increased dramatically starting from very low-pressure (0~10 kPa), e.g., up to 1.17
mmol/g on La(III)/SSZ-13 at 10 kPa (298 K). On the other hand, the N2 isotherms were
almost linear and the slope was quite gentle. The N2 uptake was only up to 0.14~0.45
mmol/g at 101.3 kPa (298 K). Note that a CO2 partial pressure of around 10 to 15 kPa
is relevant to real-world flue gas condition, so is a N2 partial pressure of around 85 kPa.
The huge difference in adsorption capacity between CO2 and N2 is likely due to the Picomplexation formed between CO2 and transition metal ions[24].
Apart from the CO2 capacity, the selectivity is another essential parameter to
evaluate the performance of adsorbents. A low selectivity would render low purity and
productivity in a practical gas separation process. Li/SSZ-13 (lithium metal ionexchanged zeolite SSZ-13) [12] was recently reported to show an outstanding CO2
adsorption capacity of 4.78 mmol/g (298 K, 101.3 kPa) and a CO2/N2 selectivity of
23.63. To evaluate the separation potential of our adsorbents in this study, we calculated
the CO2-over-N2 selectivity under the post-combustion condition (CO2/N2:15/85, 101.3
kPa and 298 K) of the as-prepared materials in comparison with those top performers
in the literature [12]. The results clearly show the promising separation capability of
our adsorbents (Fig. 5). For instance, the Co(II)/SSZ-13 provides the highest ideal
selectivity of CO2/N2 (40.04) which is substantially higher than that of Li/SSZ-13
(23.63), Na-H/SSZ-13 (36.19) and Na/SSZ-13 (36.08) [12]. The selectivity of the firstrow transition metal ion-exchanged zeolites decreases with the reduction in the size of
a transition metal ion: Co(II)/SSZ-13 > Ni(II)/SSZ-13 > Cu(II)/SSZ-13 > Zn(II)/SSZ13 > Fe(III)/SSZ-13. This trend cannot be explained by the relationship between
polarizing power of a cation and the binding energy, established in gas adsorption on
alkaline cation-exchanged zeolites [23]. We tentatively account for it based on the
possible formation of pi-backbonding. A smaller transition metal ion tends to attract the
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electrons more tightly resulting in more stable electrons in d orbitals, which makes it
more difficult to be back-donated to the Pi* orbital of CO2 and thus weaker interaction
with CO2 which leads to lower CO2 capacity. At the same time, the N2 adsorption
capacity of SSZ-13 containing different transition metal cations does not vary as
substantially as CO2 probably due to the insignificant and negligible backbonding
between N2 and these transition metals. Interestingly, among the transition metal ions
studied herein, those of larger size, such as La(III), Ce(III), and Ag(I), did not exhibit
higher CO2/N2 selectivity than others as expected. This could be because the Picomplexation could also occur to an appreciable extent between N2 and these larger
transition metals, although the strength is still relatively weak compared with that for
CO2. H/SSZ-13 showed a moderate CO2/N2 selectivity at all 3 temperatures compared
with the transition metal ion-exchanged samples. We attributed this performance to the
physisorption of CO2 led by the strong polarizing power of proton[25], and the
additionally basic sites of the lattice oxygens. The latter is believed to enhance the CO2
uptakes due to the acid-base interaction.
Given the pronounced difference in selectivity should be dictated by the relative
affinity of the adsorbents to CO2 and N2, we further evaluated the affinity by
determining and comparing the isosteric heat of adsorption.
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Fig.5. CO2/N2 selectivity versus CO2 loading at (a) 273 K, (b) 298 K, and (c) 313 K; and (d)
the CO2/N2 selectivity varies with temperature.

The isosteric heat of adsorption for CO2 on all the adsorbents were calculated by
using Clausius-Clapeyron equation (Fig. 6). Generally, the magnitude of the isosteric
enthalpy was in the range of 30~60 kJ/mol indicative of a moderate CO2 binding
strength compared with that of typical physisorption and chemisorption of CO2[26].
This promises a facile regeneration achievable on our zeolite adsorbents. All the
adsorbents exhibited similar trend of heat of adsorption against uptake. The largest heat
of adsorption value observed at the beginning corresponded to the most energetic
adsorption sites. With the increase in the gas loading, the isosteric heat of adsorption
value diminished dramatically first and then levelled off. Such a trend indicates the
heterogeneous nature of the adsorption sites in our adsorbents, which were also
observed in other systems[27]. Specifically, the gas molecules could interact with the
most energetic adsorption sites first (i.e., transition metal cations in certain locations),
followed by less energetic adsorption sites (i.e., transition metal cations in other
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locations allowing for less favorable adsorption geometry). With all these sites fully
covered, the gas-adsorbent interaction was taken over by weaker gas-gas interaction.

Fig. 6. Isosteric heat of adsorption of CO2 (left) and N2 (right) on different zeolite samples

All the adsorbents (except for Ag(I)/SSZ-13) showed a remarkably higher affinity
to CO2 than N2, which is consistent with the CO2-N2 selectivity results. Ag(I)/SSZ-13
exhibited the lowest CO2/N2 selectivity of 18.8 at 298 K, but the highest CO2 capacity
of 3.14 mmol/g (298 K, 101.3 kPa), as shown in Fig. 4(f). The relatively low selectivity
can be explained by the similar affinity of Ag+ to CO2 and N2, evidenced by the similar
isosteric heat released upon adsorption of these two gases on Ag(I)/SSZ-13 (Fig. 3).
Notably, the affinity of Ag(I)/SSZ-13 to N2 at low gas-loading region (0.004~0.026
mmol/g) was even a little bit higher than that of CO2. This is not consistent with the
huge difference in CO2 and N2 uptake on this sample up to a higher pressure of 101.3
kPa (Fig. 4). The possible reason is that CO2 and N2 have different accessibility to the
preferable adsorption sites in Ag(I)/SSZ-13. CO2 (3.3 Å) with a smaller kinetic diameter
than that of N2 (3.6 Å) could have a higher chance to access more adsorption sites. For
N2 molecule, it is highly likely that only a small portion of sites are accessible. Thus,
the Ag(I)/SSZ-13 exhibited a higher CO2 uptake than N2 although the affinity to these
two gases were quite similar.
To facilitate the assessment of the adsorbents’ performance, we plot the CO2-overN2 selectivity against CO2 uptake in Fig. 4(d). Among all the SSZ-13 adsorbents,
Co(II)/SSZ-13 and Ni(II)/SSZ-13 showed the highest CO2-N2 selectivity at 273, 298,
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and 313 K. This is due to the most pronounced preferential affinity to CO2 over N2 on
these two materials.
Note that the selectivity calculated based on single-component isotherms cannot
take the competitive adsorption and dynamic effect into consideration. However, these
factors are of great significance in the real-world industrial CO2 capture process, which
is typically accomplished through the fixed-bed adsorbers under dynamic conditions.
Thus, binary breakthrough experiments (Schematic 3) using CO2/N2:15/85 (101.3 kPa,
298 K) were conducted on the top-performing adsorbents identified above (i.e.,
Co(II)/SSZ-13 and Ni(II)/SSZ-13). As shown in Fig. 7, the breakthrough profiles
exhibit an outstanding CO2 capture performance. The steep breakthrough curves
indicate the fast kinetics of the adsorption process. During the adsorption process, N2
eluted from the column prior to CO2 with very short N2 breakthrough time, proving the
separation power of the adsorbents. Meanwhile, the remarkable difference in the
retention time between CO2 and N2 clearly demonstrated much larger CO2 adsorption
capacity than N2, which agrees with the unary isotherm results. The “roll-up” was
observed in both breakthrough curves, where the N2 concentration was higher than its
initial concentration in the mixture[28]. This further validates the higher affinity of the
adsorbents to CO2 than N2, which resulted in the replacement of N2 by CO2 occurring
in the breakthrough column.

Schematic 3. Schematic of the set-up for binary dynamic column breakthrough experiment.
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CO2 and N2 are feed gases. Ar is the carrier gas for sweeping the whole system before each
breakthrough experiment. The gas flow rates of each gas are well controlled by the
corresponding mass flow controllers (MFCs). A back-pressure regulator (BPR) is used to
maintain the set pressure for the dynamic adsorption experiments. The composition of the
feed gases at the outlet of the breakthrough column is determined by the mass spectrometer
(MS).

Fig. 7. Breakthrough profiles on Ni(II)/SSZ-13 and Co(II)/SSZ-13, respectively (CO2/N2
15/85, 298 K, 101.3 kPa, total flow rate of 100 cc/min).

Compared with Co(II)/SSZ-13, Ni(II)/SSZ-13 displayed a longer CO2 breakthrough
time, which implies a larger CO2 breakthrough capacity of Ni(II)/SSZ-13. This
observation is in good agreement with the unary isotherm results which can be
explained by the higher heat of adsorption of CO2 on Ni(II)/SSZ-13 than Co(II)/SSZ13. In addition to the physiochemical interaction between adsorbates and adsorbents,
the kinetic diameter of gas molecules is another factor that can affect the adsorption
capacity. The smaller size of CO2 (3.3 Å) than N2 (3.6 Å) allows it to diffuse more freely
than N2 during adsorption and thus access more sites, contributing to a higher CO2
adsorption capacity.
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The selectivity of both samples determined by breakthrough experiments was lower
than that by unary isotherms, indicative of competitive adsorption between the two
gases. In addition, the CO2/N2 selectivity of Ni(II)/SSZ-13 (21.46) was even higher than
that of Co(II)/SSZ-13 (18.31) (Table S3), which is reversed to that of the selectivity
calculated based on the unary isotherms (Co(II)/SSZ-13: 40.04 and Ni(II)/SSZ-13:
38.67). This could be caused by the dynamic effect in the binary dynamic adsorption
process, which clearly indicates the great significance of breakthrough experiment in
evaluating the real-world performance of adsorbents.
After proving the separation potential of the adsorbents by binary breakthrough
evaluation, we moved on to predict the performance in continuous and cyclic separation
processes, i.e., pressure swing adsorption (PSA) and vacuum swing adsorption (VSA).
These processes have been widely practiced in industrial separation and purification
applications, such as solvent vapor recovery[29, 30], landfill gas separation [31, 32],
and air separation[33, 34], etc, thanks to the advantages, including the small unit size,
ease of installation, low energy consumption, short time of regeneration, and automatic
control. A prediction of the process performance can be readily made based on the
single-component isotherms. Notably, the performance of the adsorbents under cyclic
PSA/VSA condition was different from that determined by the unary isotherms and the
binary breakthrough experiments (Table S4). For instance, Ag(I)/SSZ-13 would exhibit
the largest CO2/N2 selectivity of 31.75 (298 K) under the PSA condition, contrasting
with the poor separation performance under binary breakthrough condition (298 K,
101.3 kPa). This is because under the PSA condition (adsorption pressure: 506.5 kPa,
desorption pressure: 101.3 kPa), the differential affinity of Ag(I)/SSZ-13 to CO2 and N2
is greater at higher pressure. Although Ag(I)/SSZ-13 shows the highest sorbent
selection parameter (232.53), the instability of Ag(I) renders the Ag-based adsorbents
not suitable for real-world adsorption processes. Thus, Cu(II)/SSZ-13 with a higher
sorbent selection parameter (39.47) is regarded to be the effective adsorbent in practical
separation process. In the VSA process, Co(II)/SSZ-13 shows the highest sorbent
selection parameter (131.83), making it promising for CO2 capture using a VSA process.
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4. Conclusions

In conclusion, we have demonstrated the potential of transition metal cationexchanged SSZ-13 zeolites as promising adsorbents for post-combustion CO2 capture
by comprehensive experiments and theoretical predications. The selective adsorption
of CO2 from N2 performance (selectivity over 40) of as-prepared adsorbents is better
than the widely studied alkali metal ion-exchanged zeolites (CO2/N2 selectivity of
23~36). We tentatively attributed such outstanding separation to the Pi backdonation
exclusively formed between CO2 and transition metal cation sites, which warrants
further theoretical validation by DFT calculation. Co(II)/SSZ-13 and Ni(II)/SSZ-13
with moderate ion size showed the highest CO2/N2

selectivity at all temperatures

investigated (273 K, 298 K, and 313 K) and 1 atm compared with other adsorbents
(Zn(II)-, Fe(III)-, Cu(II)-, Ag(I)-, La(III)-, and Ce(III)/SSZ-13), which nominated the
appropriate transition metal ions for selectively adsorbing CO2 from N2. This
demonstration provides a new approach for developing proper adsorbents for CO2
capture in real-world industrial processes.
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