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Herein, copper and manganese heteroatoms were incorporated into the siliceous MFI frameworks with high
dispersity. When employed in the CO2/N; binary gas separation, a delicate trade-off for the CO2 adsorption
capacity, adsorption heat and moisture resistance could be realized on the heteroatom-incorporated MFI zeolites,
especially the Cu-incorporated one. In order to confirm the role that heteroatoms played in CO5 adsorption, the
textural analyses were then conduced, which proved that the enhanced microporosity may be at the heart of the

promoted CO; capacity. Next to that, the in situ DRIFTs spectra were continuously tracked during the dynamic
adsorption process. Compared to the commercial aluminosilicate analogue, the MFI zeolites with Cu/Mn het-
eroatoms possesses weaker electrostatic field intensity, which in consequence resulted in their stronger moisture
resistance, even in presence of humidity up to 90 RH%. As such, a bottom-up adjustment for the adsorption
properties of zeolites in practical environment containing competitive moisture impurity was shown.

1. Introduction

Recent years have witnessed the detrimental impacts of the global
warming, such as the dramatic change of environment and the distinc-
tion of species.[1] Even though great efforts have already been made
worldwide to suppress this trend, the situation would be even worse till
the end of this century according to the prediction of World Meteoro-
logical Organization (WMO). As a key incentive of greenhouse effect,
CO4, contributes to more than 60 % percent of the global warming ten-
sion, due to the constant ramping of atmospheric CO, concentration.
[2,3] Consequently, carbon neutralization has now become an impera-
tive task to relieve the pressure of global warming. Among the emission
sources, anthropogenic activities (power plant, steel industries, etc.) are
the main ones for COy generation. Furthermore, when analyzing the
features of the emission sources, it can be noticed that the low concen-
tration (lower than 15 vol%, even tougher for the direct capture of 400
ppm CO3 from air) and high humidity (generally higher than 1 vol%) of
the CO5-containing streams are two of the hardest nuts to crack, which
severely interfere with the carbon capture efficiency (Table S2.1). In
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order to address the aformentioned issues, many different CO, capture
technologies have been put forward (Table S2.2). Therein, wet scrub-
bing using liquid amine is now the commercially mature method due to
its high capture efficiency. However, the high energy consumption for
solvent regeneration, severe equipment corrosion, as well as the
oxidative degradation and unavoidable escape of amine, have seriously
restricted its applications.[3,4] Even though adsorption based on solid
materials supported with amine can partially offset this dilemma, the
time-dependent oxidation and evaporation of amines, as well as energy
input for desorption, remain great challenges.[5-7] Similarly, while
cryogenic distillation and membrane separation can realize high-
efficiency CO5 separation, they both suffer from the great operation
energy penalty.[8,9] In contrast, adsorptive capture of CO2 seems a
more promising solution, owing to its low energy requirement for
regeneration, fast kinetics, high selectivity and affordable operation
cost.[10,11].

Adsorbents are one of the most crucial factors for an adsorption
process. Currently, a series of porous adsorbents have emerged to
mitigate the COy emission, such as nanoporous carbons, mesoporous
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silica, zeolites and metal-organic frameworks (MOFs).[11-13] Therein,
zeolites are proven superior adsorbents because of their long-term sta-
bility, excellent adjustability and relatively low manufacture expense, as
witnessed by their large-scale commercial implementation in industry.
[14,15] Conventionally, cation exchange basing on zeolites with high
aluminum contents is adopted to enhance their adsorption capacity to-
ward diluted CO, streams.[16,17] This is because the interaction be-
tween the zeolites and CO5 molecules is primarily affected by the
electrostatic field potential within zeolites, which are intimately asso-
ciated with the aluminum species inside the framework and the resultant
charge-balancing cation amount and location.[18,19] Nonetheless, the
intense electric field could adversely result in difficulty in CO, desorp-
tion in turn. Meanwhile, the moisture resistance of zeolites could also be
deteriorated due to the stronger dipole moment of H,O than that of CO»,
which translates to a stronger adsorption affinity of the zeolite surface to
H20 (Table S3.1). Even though certain kinds of exchanged cations (e.g.
7Zn%") in zeolites were reported to enhance the moisture resistance of
zeolites to a certain degree,[20] a systematic research for moisture-
stable separation using zeolite adsorbents is still lacking. Hence, a
deeper dive into the moisture-resistant functionalization of zeolites,
along with the trade-off between the adsorption property and desorption
efficiency, is now urgently necessitated.

As demonstrated above, the charge-compensating cations can
significantly affect the desorption efficiency and moisture resistance of
zeolites during the CO5 capture process. Thereby, protons were adopted
as the charge-compensating cations so as to weaken the electrostatic
field intensity within zeolites, because the short distance (dog=1 [o\)
between the zeolite framework oxygen and protons can pose severe
shielding effects on the electrostatic fields. In the meantime, the increase
of silica content in zeolite can further debilitate its electric filed in-
tensity, and additionally, strengthen its moisture resistance. However,
more structural defects are simultaneously generated as the silica con-
tents get even higher, which on the contrary leads to a stronger moisture
affinity.[21] In this circumstance, heteroatom incorporation into the
zeolite framework seems a promising method, which not only heal the
structural defects, but also adjust the channel size and surface polarity
zeolites.[22] Several pioneering works have already proven that the
incorporation of copper or iron elements in the siliceous zeolite frame-
work can narrow the microchannels of zeolites, so that the copper- and
iron-containing zeolites exhibited both reinforced CO, adsorption
selectivity and moisture resistance, when compared to the analogues
with exchanged or impregnated transition metal species.[23,24]
Meanwhile, given the excellent matching between the CO2 molecular
dimension and the intersection size of MFI-type framework,[25] it is
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anticipated that the heteroatom incorporation into the siliceous MFI
framework could be a highly probable way to regulate both the elec-
trostatic field intensity and moisture affinity during CO, adsorption
process, which the conventional cation exchange and impregnation
methods can hardly realize (Scheme 1).

Herein, a series of heteroatoms were incorporated into the siliceous
MFI framework so as to screen out the most appropriate candidate.
Therein, the Cu- and Mn-incorporated zeolites, subject to proton ex-
change, exhibited a great trade-off between the CO, adsorption selec-
tivity and moisture resistance. Moreover, when compared to the
aluminosilicate analogue, the heteroatom-incorporated zeolites showed
smaller adsorption heat, which indicates the less energy consumption
during regeneration. Subsequently, the dynamic breakthrough tests
were conducted on zeolites with different heteroatoms (Cu, Mn, and Al).
And again, a more severe capacity decline was detected on the com-
mercial aluminosilicate zeolite. Finally, the in situ DRIFTs spectra during
CO, dynamic adsorption and desorption were continuously collected to
further reveal the adsorption mechanism. While the adsorbed CO,
molecules could be departed on all the MFI zeolites, a significantly
higher moisture content was retained on the aluminosilicate zeolite
surface under wet condition, which strongly evidenced the benefits of
heteroatom incorporation on the moisture resistance.

2. Experimental
2.1. Chemical and materials

Tetrapropylammonium hydroxide (TPAOH) (Kente Catalysts Inc.,
25 wt% aqueous solution), Ethyl orthosilicate (TEOS) (Shanghai Ling-
feng Chemical Co., Ltd.; 28 % SiO,), Manganese(II) acetate tetrahydrate
(Mn(CH3CO0),-4H,0) (Aladdin; 99 %), Anhydrous copper(Il) acetate
(Cu(CH3COO0),), (Adamas-Beta; >98 %), ZSM-5 (H-form, Mizusawa
Industrial Chemicals, Ltd.).

2.2. Syntheses of the MFI zeolites with different heteroatoms

The heteroatom-incorporated MFI zeolites were synthesized ac-
cording to a gel composition as follows:

1. TEOS: X (Mn?* or Cu®" precursor): 0.3 TPAOH:10 H,0

6.88 g of TPAOH (Kente; 25 wt% aqueous solution) and a desired
amount of manganese(II) acetate tetrahydrate (Aladdin; AR, 99 %) or
anhydrous copper(II) acetate (Adamas-Beta; >98 %) were first dissolved
in 0.1 g of distilled water. The mixture above was fully stirred and then
transferred into a closed polytef bottle. Subsequently, 6 g of TEOS

Advantages:
Regulate the electric field intensity
& moisture affinity

Scheme 1. The comparison of three different functionalization methods to introduce active metal sites into zeolites: ion exchange, impregnation and isomorphous

substitution.
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(Aladdin; 98 %) was added into the polytef bottle and the resulting re-
action mixture was stirred continuously at room temperature for 8 h to
removal the ethanol produced by the decomposition of TEOS. The
crystallization was carried out in Teflon-lined stainless steel autoclaves
at 473 K for 2 h. The synthesized zeolites were denoted as H-MFI-Mn/a
or H-MFI-Cu/b, where a and b represent the Si/Mn or Si/Cu ratios in the
starting gels. After reaction, the solids obtained were filtered, washed
with distilled water then dried at 373 K overnight, and finally calcined at
823 K for 6 h in order to remove the occluded organic material.

2.3. Characterizations

The characterizations of synthesized MFI zeolites include PXRD,
UV-vis spectra, FE-SEM, HRTEM equipped with elemental analysis, ICP-
OES, XPS, NMR and physical adsorption isotherm. The detailed char-
acterization procedures and parameters can be found in Section 2 of the
Supporting information.

2.4. Pure gas adsorption measurements

The static adsorption isotherms of pure CO3 and N5 were collected on
Micromeritics 3Flex at 288, 298 and 308 K in a pressure range of 0-100
kPa. The instrument was attached with a recirculating thermostatic bath
to control the adsorption temperature precisely. All the samples were
evacuated at 573 K for 12 h under dynamic vacuum prior to analysis.
The collected adsorption data were fitted by the Langmuir-Freundlich
(L-F) model. In order to predict the adsorption selectivity of MFI zeo-
lites for binary gas mixtures, the IAST model was employed herein to
simplify the collection of experimental data. Besides, basing on the L-F
model fitting results, the isosteric heat of adsorption (Qs) on MFI zeo-
lites could be calculated from the Clausius-Clapeyron equation.

As for the static CO4 adsorption under wet condition, the MFI zeolites
were first immersed in a closed environment saturated by water vapor at
303 K for 12 h. Thereafter, the zeolites saturated by moisture were then
exposed to 200 mL/min N; flow at room temperature for 8 h, followed
by evacuation at room temperature for 8h, so as to remove the physically
absorbed H,O contents in zeolites. The obtained zeolites were then
analyzed with the same procedure above without high-temperature
pretreatments under dynamic vacuum.

2.5. The COz dynamic adsorption tests under dry and wet conditions

The dynamic adsorption tests were conducted in a continuous-flow
fixed-bed reactor at atmospheric pressure. In each test, 1.0 g of MFI
zeolites were placed in the U-shaped tube reactor. Prior to the tests, the
MFI zeolite samples were pretreated under a 100 mL/min N flow at 623
K for 6 h to completely remove the adsorbed water and CO3. Up cooling
to 298 K, the gas flow was switched to the 10 vol% CO. inlet gas
balanced by N at a total flow rate of 5.0 mL/min. The outlet COy
concentrations were continuously measured by automatic sampling into
a gas chromatography (Agilent 6890) equipped with a thermal con-
ductivity detector (TCD) and Hayesep Q column until adsorption equi-
librium was achieved. In case of the moisture-resistant dynamic
adsorption tests, the CO5 inlet gas mixture was first injected into liquid
water immersed in a 25°C thermostat water bath to form the moisture-
containing feed gas. Thereafter, the feed gas passed through the zeolite
samples kept in a 25°C thermostat water bath. The outlet humid gas
mixture was first dehumidified in a 268 K cold trap and injected into the
gas chromatography for CO, concentration determination by the same
procedure above. By weighting the water content loss in the humidifier
during the whole dynamic adsorption procedure, the relative humidity
was ca. 90 RH% in the moisture-containing feed gas.

2.6. In situ DRIFTs of COz dynamic adsorption

In situ DRIFTs of COy dynamic adsorption was performed using a
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Bruker Vertex 70 infrared spectrometer, equipped with a mercury cad-
mium telluride (MCT) detector. A Harrick reaction cell was fitted with
KBr windows and connected to a purging and adsorption gas control
system. Prior to the adsorption tests, the MFI zeolite samples were
pretreated under a 100 mL/min N flow at 623 K for 1 h to remove the
adsorbed water and COs. The spectrum of the pretreated sample was
then collected and set as the reference. During the adsorption tests, the
zeolite samples were exposed to a gas mixture consisting of 10 vol% CO4
inlet gas balanced by Ny, at a total flow rate of 5.0 mL/min and tem-
perature of 298 K. As for the in situ DRIFTs tests under wet conditions,
the binary mixture was first injected into a 298 K thermostat water,
which translated to a relative humidity (RH) of ca. 90 %. The RH% value
was calculated by measuring the water bath weight loss versus the total
gas flow after the termination of the adsorption tests. In both dry and
wet conditions, the DRIFT spectra were collected at a resolution of 2
em ™! and accumulation of 256 scans, and the system typically reached a
steady state in about 15 min. After saturation, the desorption tests were
carried out by switching the gas stream to a pure N at a flow rate of 4.5
mL/min, while the in situ DRIFTs spectra were collected simultaneously.

3. Results and discussion

Since tetrapropylammonium hydroxide (TPAOH) has rather low
charge density but good host-guest interaction with the MFI-type
framework, it was adopted as the organic structure-directing agent
(OSDA) as well in this work so that the heteroatoms could be readily
incorporated into the MFI framework.[26] By this means, a series of
MFI-type zeolites with diverse heteroatoms were then successfully pre-
pared. As shown in Figure S3.1, only small differences for the CO,
adsorption capacity could be detected on the MFI samples substituted by
different heteroatoms, even in presence of varied charge-compensating
cations. However, when comparing their adsorption performances
after moisture treatment, it was surprisingly noticed that the decline
tendency of the CO, adsorption capacity was very different. According
to Fig. 1a, it was found that the CO4 capacity reduction caused by the
competitive adsorption of HyO was less significant on the H-type sam-
ples decorated by Cu and Mn species when compared to other hetero-
atoms. Notably, this trend was even stronger on the Zn?*-exchanged
samples (Figure S3.2). Basing upon this conclusion, the Cu and Mn
contents were further modified (by changing the initial Si/M ratios) to
sort out the best performers (Figure S2.1-2.2). Since the cation ex-
change could only slightly increase the CO; adsorption capacity but
greatly deteriorate the moisture resistance, all the Cu- and Mn-
incorporated zeolite samples were exchanged into H' form
(Figure S3.1-3.2). Furthermore, when compared to other typical H-
type zeolites (Y, Beta, MOR, ZSM-22, ZSM-35, etc.), all the substituted
MFI zeolites synthesized in this work could realize remarkable trade-off
between the CO5 capacity and moisture resistance (Fig. 1b). Therein, the
H-MFI-Mn/30 and H-MFI-Cu/40 zeolites were confirmed the best CO5
adsorption performers.

Based on the two selected candidates with delicate trade-off between
the CO, capacity and moisture resistance, a systematic research was
then conducted to understand the mechanism behind, with reference to
the commercial H-ZSM-5/50 sample. The static adsorption isotherms of
CO4 and N;, were first collected to check the adsorption properties of the
MFI zeolites with different herteroatoms (Section S3.1), wherein the
adsorption pressure ranged from 0 to 100 kPa and temperature from 288
to 308 K according to the practical vacuum swing adsorption condition
(Fig. 2a, Table S3.2). As indicated, while all the three MFI zeolites
exhibited comparable CO, and N, adsorption capacities, the COs
working capacity was slightly higher on H-MFI-Cu/40 zeolite (Fig. 2a,
Table 1). To gain a deeper insight into the competitive adsorption
behavior, the Ideal Adsorbed Solution Theory (IAST) was employed to
predict the adsorption selectivities basing on single-component
adsorption isotherms (Section S3.3), assuming the CO, concentrations
of 10 % balanced by Ny atmosphere. Notably, the accuracy of the IAST
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Fig. 1. (a) The static CO, adsorption quantities under both dry and wet conditions on H-type MFI zeolites at 298 K and 1 bar. The samples were denoted as H-MFI-R-
M, where R and M indicate incorporated heteroatoms species and moisture pretreatment, respectively. The incorporation of Ti**, B>*, AI**, Zn?*, and Ni?* follows
the same procedure with Section 2.2 but a fixed Si/M ratio at 20. The details of moisture treatment was described in Section 2.4. (b) The plot of the moisture
resistance of diverse zeolite adsorbents versus their CO, adsorption capacity at 298 K and 1 bar (The points in the red circle stands for the samples prepared in this
work). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) The CO, and N, adsorption isotherms at 298 K, the solid lines were the simulated data according to Langmuir-Freundlich model, and the linearity of fitting
is 0.999. (b) The IAST predicted selectivities toward CO»/N5 (10:90) mixture at 298 K, (c) The isosteric heat of adsorption toward CO, and (d) The argon
adsorption—desorption isotherms at 87 K on H-MFI-Mn/30 (red), H-MFI-Cu/40 (blue) and H-ZSM-5/50 (green) zeolite samples. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

prediction has already been verified on a variety of zeolite topologies
(including MFI) across a wide range of gas mixtures.[27,28] As shown in
Fig. 2b, the CO,/Ny adsorption selectivity on the MFI zeolites declined
with the increase of total pressure. Compared to the other two samples,
H-MFI-Cu/40 zeolite showed relatively lower selectivity near zero
coverage, which in turn suggested the lower surface polarity as well as
weaker interaction between the gas adsorbates and the sample surface,

making it more favorable for CO5 adsorption even in moist streams
(shown in Fig. 1b). Since the adsorption heat is closely associated with
the desorption efficiency and energy input for regeneration, the isosteric
heats of adsorption (Qg) of all the three MFI zeolites for CO, were then
calculated using the Clausius-Clapeyron equation, on the basis of the
adsorption isotherms at different temperatures. Next to that, the Qg
values at zero coverage were also estimated according to the van’t Hoff
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Table 1
CO, and N, adsorption parameters for MFI zeolites with different heteroatoms at
298 K.

Adsorbent Capacity at 1 IAST selectivity for CO, AHD,
bar [mmol/g] 10:90 CO2/Ny Working [kJ/
CO, N, mixture at 1 bar capacity mol]™!
[mmol/g] [a]
H-MFI-Mn/ 1.63 0.154 20.3 1.34 26.0
30 1.70 0.169 19.1 1.40 27.9
H-MFI- 1.69 0.179 20.7 1.35 31.1
Cu/40
H-ZSM-
5/50

[a] Measured as uptake at 1 bar-uptake at 0.1 bar; [b] determined from the
Henry law constants according to the van’t Hoff equation (Section S3.2).

equation (Table 1, Section S$3.2). Markedly, even though the H-ZSM-5/
50 sample demonstrated slightly higher CO2 adsorption capacity and
selectivity, its adsorption heat was also clearly higher than the other two
samples with Cu and Mn heteroatoms (Fig. 1c). Given this, it is strongly
anticipated that the incorporation of Cu and Mn heteroatoms could
weaken the affinity between the siliceous framework and adsorbates
(including CO, and H20), which consequently implies facile surface
regeneration even in real flue gas scenario.

In order to confirm the role of heteroatoms played in CO» adsorption
process, it is necessary to look into the adsorption forces. Typically, the
adsorption strength is primarily affected by its electrostatic force as well
as the interaction between the pore wall and adsorbate molecules.
[17,20,25,29,30] Because the pore wall-CO; interaction is principally
influenced by the pore size, the argon adsorption-desorption isotherms
were then measured to investigate the porous structures of the three
zeolite samples (Fig. 2d). As demonstrated in Figure S2.4, the pore size
distributions (PSDs) of all the three MFI zeolites are quite similar, where
the pore apertures centered at ca. 0.5 nm and 0.85 nm. Therefore, the
pore wall-CO interaction in the three zeolite samples should also be
approximate, and the main driving force of CO; capture on MFI zeolites
should be the electrostatic interaction generated by the heteroatoms (the
electrostatic field derived from H" is shielded by framework oxygen).
Combined with the varied adsorption heat, it could then be concluded
that the Cu and Mn heteroatoms generate weaker electrostatic forces
than the Al atom. However, the addition of Cu heteroatom could pro-
mote the microporous surface area and volume at the same time, even in
presence of adjacent heteroatom doping amounts (i.e. the Si/M ratios)
(Table 2). This may also be at the heart of why the H-MFI-Cu/40 sample
has larger working capacity when compared to the H-ZSM-5/50 sample.

Provided the dominant influence of heteroatom during CO,
adsorption, a remaining problem is the validation of heteroatom states
in zeolites, including the dispersion, valence state and chemical envi-
ronment. To check the dispersity of Cu and Mn species in zeolites, the
TEM-EDS mapping was first conducted. Accordingly, a much better
dispersion was found in the H-MFI-Cu/40 sample than that in the H-MFI-

Table 2
Textural properties and unit-cell compositions of MFI zeolites with different
heteroatoms. ',

Adsorbent Unit-cell composition Si/ SgET Smic Vimic

Ticp [m?/ [m?/ [em?®

gl gl g

H-MFI-Mn/ Hep.265i02.86Mn3 140102 29.5 473 420 0.157
30

H-MFI-Cu/ H<s.16Si93.42CU2,580102 36.3 575 482 0.185
40

H-ZSM-5/50  Hoy3:Sios.68Al2310102  40.4 460 431 0.156

# The textual properties were all obtained from the adsorption isotherms. The
linearity of fitting for the BET specific surface area (Sggr) was 0.99999; micro-
porous surface area (Syjc) and microporous volume (Vy;.) was calculated by t-
Plot method.
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Mn/30 sample, which is in line with the higher microporosity and CO»
capacity in the former zeolite (Fig. 3a, Figure S2.5). Since the hetero-
atoms could be dispersed in zeolites by multiple valencies, the valence
states of Cu and Mn species in zeolites were further detected by high-
resolution XPS spectra. As shown, the presence of Cu 2ps/, signal (933
ev), Cu 2py,» signal (953 ev) and satellite peak (941-943 ev) in the
spectra of H-MFI-Cu/40 sample, along with the Mn 2p3/ signal (641
ev), Mn 2p; /» signal (653 ev) and satellite peak (645 ev) in that of H-
MFI-Mn/30 sample, both prove that the Cu and Mn species in zeolites
are divalent (Fig. 3b-c). [31,32] That means, the heteroatoms, especially
the Cu atoms, were uniformly dispersed in zeolites as Cu(II) and Mn(II)
oxides (because of the calcination and H' exchange), but the verification
of chemical environments for Cu(II) and Mn(II) still needs to be testified.
For this purpose, the solid-state UV-vis spectra of H-MFI-Cu/40 and H-
MFI-Mn/30 subject to different pretreatments were examined
(Figure S2.6). Notably, the acid treatment (A-T) was adopted to remove
the possible extraframework oxides and ion exchange (I-E) to remove
the charge-compensating cations. Compared to the solid-state UV-vis
spectra of silicate-1 benchmark, the pristine Cu- and Mn-containing MFI
zeolites both exhibited resembled patterns with those of the pretreated
samples, wherein the broad peak in the wavelength range from 250 to
350 nm may be ascribed to the presence of copper and manganese in the
zeolite frameworks.[33,34] To further validate this conclusion, the 29gi
MAS NMR spectra were collected to investigate the coordination be-
tween Si and Cu/Mn atoms. In the NMR spectra, the resonance around
—103 ppm corresponds to Si(0Si)3(OM, M=Cu or Mn) or silanol signal,
[35-37] while the resonance at ca. — 112 ppm with a shoulder at ca. —
115 ppm corresponds to Si(OSi)s signal.[38,39] Compared to the
reference silicate-1 sample, obviously higher intensity was witnessed in
the signal at ca. —103 ppm for the samples with Cu and Mn heteroatoms
(Fig. 3d). Combined with the solid-state UV-vis spectra, it could be
concluded that the Cu and Mn heteroatoms were successfully incorpo-
rated into the zeolite framework.

As mentioned in the beginning, the moisture resistance was greatly
enhanced for the samples with heteroatom incorporation. In this
circumstance, the in situ DRIFTs spectra were collected during CO, dy-
namic adsorption on H-MFI-Mn/30, H-MFI-Cu/40 and H-ZSM-5/50
samples under both dry and wet conditions (Section S4.2). Normally,
the absorption band at ca. 2350 cm™! is assigned to the physiosorbed
CO- molecules, while the bands between 1300 and 1700 em™! are
attributed to the chemisorbed carbonate-like species.[20] Therefore, the
physical adsorption dominate the CO, adsorption processes on all the
MFI zeolites (Figure S4.1-4.2). When looking deeper into the broad
signal at ca. 2350 cm ™!, two sub-signals at ca. 2368 cm ™! and 2330 cm ™!
were observed on all three MFI zeolites, which are assigned to the gas-
phase CO, molecules (Fig. 4b).[40] In contrast, a third sub-signal at
ca. 2352 ecm~! was found in the samples with Cu/Mn heteroatoms,
which should be related to the linearly adsorbed CO2 molecules on metal
sites.[41] This is also consistent with the conclusion above that the Cu
and Mn heteroatoms are uniformly dispersed in the MFI zeolite frame-
works. Furthermore, a red shift was observed on the in situ DRIFTs
spectra of Cu- and Mn-incorporated MFI zeolites when compared to that
of H-ZSM-5/50 sample, which indicates a weakening of electrostatic
field intensity within the Cu- and Mn-incorporated zeolites.[25] This
phenomenon, together with the adsorption heats in Fig. 2c, both reflects
higher desorption efficiency of the Cu- and Mn-containing samples, as
evidenced by the fast desorption using N purging at room temperature
(Figure S4.1-4.2).

When exposed to a moisture-containing stream, a broad adsorption
band at 3450 to 3100 cm™! appeared on H-ZSM-5/50 sample only,
which is associated with H,O molecule adsorption (Fig. 4a). Clearly, the
H-MFI-Cu/40 and H-MFI-Mn/30 have better moisture resistance than
the H-ZSM-5/50 sample. Next to that, the moisture resistance can also be
quantified by the area change of the broad band at ca. 2350 cm™!. On
this point, the CO, adsorption band area on H-MFI-Cu/40, H-MFI-Mn/
30, and H-ZSM-5/50 samples declined to 99.1 %, 99.2 % and 88.6 %,
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Fig. 4. (a) The in situ DRIFTs spectra of CO2 dynamic adsorption on H-MFI-Mn/30, H-MFI-Cu/40 and H-ZSM-5/50 samples under dry (colored) and wet conditions
(gray). The inlet gas mixture is consisted of 10 vol% CO, balanced by N, atmosphere with a total flow rate of 5.0 mL/min, and the adsorption temperature and
humidity were kept at 298 K and 90 RH%, respectively. (b) The fitting results of in situ DRIFTs spectra of CO, dynamic adsorption on H-MFI-Mn/30, H-MFI-Cu/40

and H-ZSM-5/50 samples.

respectively. Finally, the dynamic breakthrough experiments were
conducted on the zeolite samples under both dry and wet (ca. 90 RH%)
conditions (Fig. 5a-b). As derived from the breakthrough results, the CO5
adsorption capacity of H-ZSM-5/50 zeolite under wet condition only
maintained 70.3 % of the original value, while 81.8 % and 82.2 % of the
CO4, capacity under dry condition were preserved on H-MFI-Cu/40 and
H-MFI-Mn/30 samples (Fig. 5¢). All these results evidenced that the Cu-

and Mn-incorporated MFI zeolites possess superior moisture resistance
to the commercial aluminosilicate MFI zeolite, either under static or
dynamic circumstances.

4. Conclusions

As described above, the Cu and Mn heteroatoms were successfully
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Fig. 5. (a) The dynamic breakthrough curves of H-MFI-Mn/30, H-MFI-Cu/40 and H-ZSM-5/50 samples under (a) dry and (b) wet conditions (ca. 90 RH%).
Adsorption conditions: 1.0 g of MFI zeolites, 10 vol% CO, inlet gas balanced by N, with a total flow rate of 5.0 mL/min and temperature of 298 K. (c) The dynamic
CO,, adsorption capacity decline under wet versus dry condition on H-MFI-Mn/30 (red), H-MFI-Cu/40 (blue) and H-ZSM-5/50 (green) samples. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

and homogeneously incorporated into the siliceous frameworks of MFI
zeolites, according to a combination of multiple characterizations
including solid-state UV-vis, XPS, and MAS NMR. Taking advantages of
the heteroatom-containing MFI zeolites, especially the Cu-incorporated
one, high CO, adsorption capacity and low adsorption heat were
concurrently realized, along with a strong moisture resistance. The
textural analyses revealed that the enhanced microporosity was the key
reason for the high capacity. Moreover, the in situ DRIFTSs spectra further
revealed that the incorporation of heteroatoms could weaken the elec-
trostatic field intensity of the zeolite framework, which gave rise to a fast
desorption behavior under N, purging and strong mositure resistance.
These results indicates that the heteroatom-incorporated zeolites could
be excellent carbon capture candidates in practical environment, which
may shed light upon the broader application of zeolite adsorbents in this
field.
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