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Synthesis of DNL-6 with a High Concentration of Si(4Al)
Environments and its Application in CO, Separation

Xiong Su,®® Peng Tian,”’ Dong Fan,® " Qinghua Xia," Yue Yang,” Shutao Xu,®
Lin Zhang,”™ Ying Zhang,” Dehua Wang,® " and Zhongmin Liu*®

The synthesis of DNL-6 with a high concentration of Si(4 Al)
environments [Si/(Si+Al+P) =0.182 mol, denoted as M-DNL-6]
is demonstrated. This represents the highest reported concen-
tration of such environments in silicoaluminophosphate
(SAPO) molecular sieves. Adsorption studies show that the
high Si(4Al) content in M-DNL-6, with an increased number of
Bronsted acid sites in the framework, greatly promotes the ad-
sorption of CO,. M-DNL-6 exhibits a large CO, uptake capacity
of up to 6.18 mmolg™' at 273 K and 101 kPa, and demon-
strates high ratios of CO,/CH, and CO,/N, separation. From

Introduction

Microporous crystalline materials that possess intrinsic aperture
sizes of molecular dimensions have shown potential for appli-
cations in gas separations and catalysis.""! Among these pro-
cesses, selective CO, adsorption from gaseous mixtures is of
paramount importance, which attracts attention because of
global warming.”® In addition, the separation of CO, from CH,
is also an issue in natural-gas processing. The existence of CO,
reduces the energy content of natural gas and causes pipeline
corrosion.” At present, the industrial technology that is used
for the removal of CO, from gas streams is based on absorp-
tion in aqueous solutions of amines; however, this method is
highly complex and results in corrosion of the equipment.'”
Therefore, it is important to develop energy-efficient and eco-
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breakthrough and cycling experiments, M-DNL-6 demonstrates
the ability to completely separate CO, from CH, or N, with
a dynamic capacity of approximately 8.0 wt% before break-
through. Importantly, the adsorbed CO, is easily released from
the adsorbent through a simple gas purging operation at
room temperature to regain 95% of the original adsorption ca-
pacity. These results suggest that M-DNL-6 can be used as a po-
tential adsorbent for CO, capture in pressure swing adsorption
processes.

nomic alternatives that can achieve effective separation under
ambient conditions.

Much attention has been paid to the development of ad-
sorption methods that utilize nanoporous materials as adsorb-
ents, such as pressure swing adsorption (PSA). The main ad-
vantages of the PSA process for gas separation are lower
energy consumption and that chemical solvents are not re-
quired. According to published literature reports, a number of
micro- and mesoporous materials have been used for CO,/CH,
separation, such as zeolites,""" active carbon materials,""”
metal-organic frameworks (MOFs),"®'""  zeolitic-imidazolate
frameworks (ZIFs),” and functionalized mesoporous silica."®
Promising candidates for such PSA processes should have
a high capacity for the selective adsorption of CO, with facile
recycling.

In principle, porous materials that have pore sizes between
the kinetic diameters of CO, (3.30 A) and CH, (3.82 A) or CO,
and N, (3.64 A)," and have adequate Coulomb potentials with
gas molecules,” should have a superior separation efficiency.
Numerous small-pore molecular sieves with eight ring-open-
ings have been examined as CO, adsorbents.?'*) Palomino
et al. investigated zeolites with Linde Type A (LTA) structures
containing different Si/Al ratios as adsorbents for CO,/CH, sep-
aration. LTA zeolites have offered unique possibilities for CH,
to upgrade from natural gas, and the Al content had a positive
effect on the CO,/CH, selectivity and the regeneration ability
of the samples." Palomino et al.”” and Liu et al.*” reported
effective CO,/CH, and CO,/N, separations by using small-pore
RHO zeolites and AIPO-type molecular sieves, respectively,
which had suitable pore diameters. In addition, an ideal selec-
tivity of CO,/N, was also obtained by tuning the pore size of
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a NaKA zeolite with an optimal K* content of 9.9 atom %.°

Also, a series of univalent cation-exchanged RHO zeolites have
been examined in detail as CO, adsorbents, which demonstrat-
ed remarkable CO, adsorption that resulted from a combination
of the flexible framework structure, the distribution of extra-
framework cations over different sites, and the mobility of the
cations occupying window sites between the a-cages.””

DNL-6 is an isomorphous crystal of the RHO zeolite with
a SAPO-based composition, which was recently reported by
our group. DNL-6 possesses a large pore volume (0.36 cm*g™")
and good thermal stability up to 1373 K;%3% however, the Si
content in DNL-6 is restricted to a narrow concentration range,
and varying the Si content in the starting gel can lead to the
emergence of SAPO-34. DNL-6 exhibits a suitable pore size
(3.6 &) and is, therefore, a potential candidate for the selective
adsorption of CO,; this was verified in our preliminary work.?"
Recently, Hedin et al. studied the CO, adsorption properties of
several SAPO-based molecular sieves, including DNL-6. A CO,
capacity of 3.61 mmolg™' on DNL-6 was obtained at 273 K and
101 kPa.”" They also determined that SAPO-based molecular
sieves are less moisture-sensitive than zeolite 13X, which is an
important characteristic in the application of an adsorbent.

Herein, we report a method to synthesize DNL-6 with a high
concentration of Si(4Al) environments. Three DNL-6 samples
containing different silicon contents were used as adsorbents
for the separations of CO, from CH, and N,, and excellent re-
sults were obtained. The influence of the Si content on the ad-
sorption properties of DNL-6 was investigated, which was
demonstrated to be important. Breakthrough experiments
were performed to determine the dynamic adsorption selectiv-
ity and regeneration ability of the adsorbents. Moreover, com-
mercial zeolites NaA and SAPO-34 were also used as reference
adsorbents.

Results and Discussion
Synthesis and characterization of DNL-6

M-DNL-6 was synthesized by using SAPO dry gel as a precursor
and a diethylamine (DEA) template. Detailed synthesis proce-
dures are described in the Experimental Section. As shown in
Figure 1, the as-synthesized M-DNL-6 sample displayed rhom-

Figure 1. SEM image of the as-synthesized M-DNL-6.
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bic dodecahedral morphology with a particle size in the range
of 2-5 um. Powder XRD (PXRD) patterns (Figure 2) of M-DNL-6
(both as-synthesized and calcined) confirmed the high purity
of the RHO structure without any extra phases.”® The porosity
of calcined M-DNL-6 was evaluated by conducting N, adsorp-
tion experiments at 77 K, and M-DNL-6 exhibited a typical
Type | isotherm (Figure 3). The estimated Langmuir surface

area was 1096 m*g~', and the micropore volume was
0.38 cm®g~".
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Figure 2. XRD patterns of as-synthesized M-DNL-6 and its calcined form.
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Figure 3. N, adsorption (@) and desorption (Q) isotherms (77 K) of calcined
M-DNL-6.

The major difference between M-DNL-6 (detailed herein)
and other DNL-6 materials (synthesized by our previously re-
ported methods) is the Si content of the final product (see
Table 1). The amount of Si in M-DNL-6 [Si/(Si+Al+P)=
0.182 mol] is much larger than that of the DNL-6 synthesized
by using hydrothermal methods in the presence of cetyl-
trimethylammonium bromide (CTAB, 0.135 molar ratio; desig-
nated as L-DNL-6).? Until now, a DNL-6 containing a higher Si
content (0.205 molar ratio, designated as H-DNL-6) could only
be achieved by using an aminothermal method, which was re-
cently reported by our group.®’” By comparing the initial gel
molar ratios to the final product compositions from each
method, it was observed that the Si content of DNL-6 in-
creased with increasing template concentration in the gel. The
higher template concentration in the synthetic gel could result
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Table 1. Gel and product compositions for the synthesis of the different
samples.

Sample Gel composition Product composition  Si incorp.”!
DEA/AI/P/Si/H,0 Si/Al/P

L-DNL-6  1.0:1.0:0.8:0.2:50:0.1CTAB  0.135:0.496:0.369 1.35

M-DNL-6  1.2:1.0:1.0:0.3:9.3 0.182:0.490:0.328 1.40

H-DNL-6  4.5:1.2:0.9:0.25:8.4 0.205:0.489:0.306 1.93

SAPO-34  1.0:1.0:0.8:0.2:50 0.110:0.506:0.384 -

[a] Si incorporation = [Si/(Si-+Al4-P)]yeduc/ [SI/(Si+AI+-P)lq.

in stronger liquid alkalinity, initiating depolymerization of the
Si source and resulting in enhanced incorporation of Si in the
framework. This was also demonstrated in our previous re-
search regarding the synthesis of SAPO-34.? However, all of
the methods mentioned above failed to synthesize DNL-6 with
adjustable Si content. Varying the amount of Si or the template
concentration in the initial gel for each method resulted in the
development of a CHA structure, that is, each of the previously
reported methods for the synthesis of DNL-6 is limited to a rela-
tively narrow Si concentration range. Herein, we demonstrate
the use of three SAPO-based samples with different Si concen-
trations (H-DNL-6, M-DNL-6, and L-DNL-6) as adsorbents for
CO, separation.

Adsorption isotherms

The adsorption isotherms of the samples were measured in
Micromeritics ASAP 2020 apparatus at a fixed temperature and
different pressures (up to 101 kPa). The CO, and CH, adsorp-
tion results on different adsorbents at 298 K are shown in
Figure 4 and Table 2. All of the samples indicated that they
could adsorb much more CO, than CH,, which was associated
with the synergic effects of the small-pore apertures of the ad-
sorbents and the strong quadrupolar interactions of CO, with
the adsorption sites. The CO, uptake of M-DNL-6 reached
4.65 mmolg™" at 298 K and 101 kPa, which was slightly higher
than that of NaA (4.48 mmolg™") and H-DNL-6 (4.30 mmolg™);
however, it was remarkably larger than the adsorption capabili-
ties of L-DNL-6 and SAPO-34, which exhibited uptakes of 3.21
and 3.60 mmolg™', respectively. The adsorption capacities for
CH, on the different SAPO-based molecular sieves were similar
(0.38-046 mmolg™"), but lower than that on NaA

Uptake /mmol g~*

- T
0 20 40 60 80 100

Figure 4. Gas adsorption isotherms of CO, (solid) and CH, (hollow) on M-
DNL-6 (@/0O), L-DNL-6 (»/>), H-DNL-6 («/<]), NaA (l/[J) and SAPO-34
(e/¢) at 298 K.

(0.55 mmolg™"). The behavior of the NaA zeolite towards CH,
adsorption could be attributed to its larger aperture size.

The highest equilibrium adsorption ratio (a) of CO,/CH,
among all of the samples was observed on M-DNL-6 (a=12.2
at 101 kPa). The M-DNL-6 sample demonstrated superior selec-
tivity compared to the other SAPO-based samples. This was
clearly evident when the CO,/CH, adsorption ratios were com-
pared at lower pressures (see Table 2), which was useful when
the amount of CO, to be removed was small. The selectivity
obtained on the NaA zeolite in the low-pressure region was
much larger (a=41.4 at 10 kPa), which was consistent with
the initial slope that was observed in the CO, isotherm for the
NaA zeolite (Figure 4). This indicated a strong interaction be-
tween the large quadrupole moment of CO, and the electro-
static field of the NaA zeolite, which was induced by the pres-
ence of Na*t cations.'* In a previous study, extraframework
Na* ions of the RHO-zeolitic MOF were demonstrated to play
a key role in the uptake of CO, at lower pressures, whereas the
adsorption kinetics largely decreased with increasing pres-
sures.®¥ However, the captured CO, molecules had a strong af-
finity and were generally difficult to release under mild condi-
tions; therefore more energy was required to desorb the CO,
molecules.

For SAPO-type molecular sieves, Si can be incorporated into
the framework through a SM2/SM3 substitution mechanism to
generate bridging hydroxyl groups (Si—OH—AI).5>3 Figure 5 il-
lustrates the 2°Si magic angle spinning (MAS) NMR spectra for
the three DNL-6 samples. Only one intense resonance peak as-

cribed to the Si(4Al) environ-
ment (SM2 substitution) was ob-

Table 2. Adsorption data for CO, and CH, on tested the different samples (298 K).

served at —92.1 and —91.7 ppm
in the spectra for L-DNL-6 and

Sample CO, uptake® CH, uptake®® a CO, uptake® CH, uptake® a M-DNL-6, respectively. Consider-
[mmolg™] [mmolg™'] [Nco/Ncw,]  [mmolg™] [mmolg™'] no/new] | ing the high Si content in
M-DNL-6 1.52 0.069 220 465 038 122 M-DNL-6, this was thought to be
L-DNL-6 0.94 0.070 134 3.21 0.38 9.2 unusual and suggested the exis-
H-DNL-6 1.42 0.088 16.1 430 0.46 93 tence of Si-Al-Si domains in the
SAPO-34 1.01 0.075 135 3.60 037 9.7 ¢ LB T, knowled
NaA 348 0.084 414 448 055 8.2 ramework.= 10 our knowledge,

[a] Equilibrium pressure 10 kPa. [b] Equilibrium pressure 101 kPa.

such a high concentration of
Si(4Al) environments in SAPO-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. ?°Si MAS NMR spectra of as-synthesized a) L-DNL-6, b) M-DNL-6,
and c) H-DNL-6.

based molecular sieves has never been reported before. The
2Si MAS NMR spectrum of H-DNL-6 (Figure 5¢) revealed com-
plex Si environments; the signals at —95.8, —99.8, —104.9, and
—108.6 ppm corresponded to Si(3 Al), Si(2Al), Si(1Al), and Si-is-
lands, respectively.®"” The deconvoluted result demonstrated
that the  concentration of  Si(4Al) species in
H-DNL-6 occupied 54% of all Si atoms (Table S1). The concen-
tration of Brensted acid sites in SAPO-based molecular sieves
was generally proportional to the Si content when only SM2

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

substitution occurred, that is, the Brgnsted acid sites per Si
atom equaled 1. With the appearance of other Si environments
in the framework, the Brgnsted acid sites per Si atom became
less than 1. The maximum Si fraction in the DNL-6 framework,
where all the Si atoms contributed to the generation of
Bronsted acid sites,*” was calculated to be 0.178 based on the
template number per cage®™ and the RHO topology. The value
was close to that of M-DNL-6, indicating that M-DNL-6 pos-
sessed the largest concentration of Brensted acid sites of all
four SAPO-based materials. Deroche et al. reported that the
Bronsted acid sites in SAPO-based materials were preferential
CO, adsorption sites, which promoted CO, adsorption at the
initial stage.”®*? In addition, Harlick et al. demonstrated that
Henry’s constant for CO, adsorption on H-ZSM-5 zeolites in-
creased with decreasing Si/Al ratios, that is, with an increasing
concentration of bridging hydroxyl groups.” Our experimental
results were in agreement with the above-mentioned conclu-
sions, and M-DNL-6 exhibited a larger CO, adsorption capacity
and a higher apparent initial slope than L-DNL-6, H-DNL-6, and
SAPO-34 (Figure 4). The uptake of CO, on M-DNL-6 reached
6.18 mmolg™" at 273 K and 101 kPa (Figure 6).

Adsorbed amount/mmol g*

T 1
0 20 40 60 80 100 120

Figure 6. CO, (solid) and CH, (hollow) adsorption isotherms for M-DNL-6 at
273 (M/0), 298 (@/0), and 313 K (/<]); the fittings were based on the
Toth equation within correlating error R?=0.9996.

The isosteric heat of adsorption data provided useful infor-
mation about the strength of adsorption and was used to esti-
mate the regeneration ability of the adsorbent. We studied the
isosteric heat (Q,) of both CO, and CH, adsorption on
M-DNL-6 from the isotherms collected at 273 K, 298 K, and
313 K. To parameterize the isotherms for single-component gas
adsorption, the isotherms of M-DNL-6 were simulated by using
the three-parameter Toth model.”” The Toth equation is a pop-
ular model for analyzing gas adsorption data, which is ob-
tained by applying the following equation:

q = qubp/(1+(bp)")'" (1)
Here, g and g, are the amount adsorbed and the maximum

adsorption amount, respectively, p is the equilibrium pressure,
and b and t are the equation constants. As described previous-
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ly, the parameter t indicates the heterogeneity of the adsorp-
tion system. If t equals 1, the Toth isotherm is reduced to the
Langmuir adsorption model. If the t value deviates away from
1, the gas—solid adsorption system is deemed to be more
heterogeneous. The adsorption uptakes of CO, and CH, on
M-DNL-6 were adequately fitted based on this model. The de-
tailed Toth parameters are detailed in Table S2. The value of
isosteric enthalpy with changing adsorption amount was calcu-
lated by applying the Clausius-Clapeyron equation, which is
described in the Experimental Section.

As shown in Figure 7, the Q. profile of CO, adsorption dis-
played a continuous decline from 39 to 29 kJmol™' as a func-
tion of CO, loading. This enthalpy range reflected a relatively
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Figure 7. Isosteric heat of adsorption (Q;,) as a function of CO, loading on
M-DNL-6.

strong physical adsorption of CO,, but still remained below the
energy required to form a chemical bond. The high initial Q,
value corresponded to the strong interactions of CO, with
more energetic acidic sites in the framework of M-DNL-6. With
an increased CO, loading, these sites became saturated and
the interaction between adsorbate and adsorbent decreased.
We failed to calculate the Q,, of CH, because the adsorption
amount of CH, at 313 K was slightly higher than that at 298 K
(Figure 6). A possible reason is that CH, molecules form small
clusters because of intermolecular interactions caused by the
Lennard-Jones potential, which was demonstrated by theoreti-
cal calculations.”” Thus, CH, cannot freely pass through the
pores of the M-DNL-6 adsorbent, and the true adsorption equi-
librium is not reached. Palomino et al. observed similar phe-
nomena when they studied CH, adsorption on the RHO
zeolite.*”

To estimate the CO,/N, separation efficiency on M-DNL-6, N,
adsorption isotherms were measured at 273, 298, and 313 K
(see Figure S5 in the Supporting Information). The N, adsorp-
tion uptakes were also fitted to the Toth model, and the mea-
sured N, capacity in M-DNL-6 was only 0.24 mmolg™" at 298 K
and 101 kPa. Therefore, the calculated CO,/N, adsorption ratio
under this condition was as high as 19.5.

To further understand the thermodynamic adsorption selec-
tivity on M-DNL-6, the Henry’'s Law constants for CO,, CH,, and

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N, at 298 K were calculated (see the Experimental Section for
details).*? The initial slope for each of the CO,, CH,, and N, ad-
sorption isotherms are illustrated in the Supporting Informa-
tion (Figures S6 and S7). From these data, the initial selectivi-
ties of CO,/CH, and CO,/N, were evaluated to be as high as
43:1 and 74:1, respectively. These ratios and the high adsorp-
tion equilibrium selectivities obtained at atmospheric pressure
suggested that M-DNL-6 could be a promising candidate for
the removal of CO, from natural gas or flue gas.

Breakthrough experiments on M-DNL-6

Breakthrough experiments were performed following a meth-
odology described by Britt et al.;**! experiments were used to
determine the dynamic adsorption selectivity and separation
capacity of M-DNL-6 (see the Supporting Information for de-
tails). Figure 8a and b show the breakthrough curves of terna-
ry mixtures of CO,/CH,/He (20:15:65 v/v/v) and CO,/N,/He
(20:15:65 v/v/v) passing through 0.35 g of pretreated M-DNL-6
powder with a flow rate of 15 mLmin™" at 298 K (He acts as
the carrier gas). Both CH, and N, experienced breakthrough
quickly as the initial gas mixture was passing through
M-DNL-6, but CO, was retained in the pores until the adsorb-
ent was saturated. This implied that CH, and N, could pene-
trate the packed column with less hindrance. The N, effluent
was demonstrated to show a shorter retention time than CH,,
in good agreement with the above result that the CO,/N, ad-
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Figure 8. Breakthrough curves of ternary gas mixtures containing a) CO,/
CH,/He (20:15:65 v/v/v) and b) CO,/N,/He (20:15:65 v/v/v) for the complete
retention of CO,.
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sorption equilibrium selectivity was larger than that of
CO,/CH,. Based on the breakthrough curves of the CO,/CH,/He
mixture, the dynamic separation capacities of CO, and CH, on
M-DNL-6 were calculated to be 8.0 and 0.29 wt %, respectively.
A dynamic capacity ratio of 11 was obtained for CO,/CH,,
which was close to the thermodynamic selectivity, as present-
ed in Table 2. Based on the CO, adsorption capacity and com-
parison to previous literature reports, M-DNL-6 is one of the
most effective adsorbents that has been studied.””

Facile regeneration is essential for the adsorbents to be
used in the PSA processes, and must require less energy to re-
lease the captured CO,. Consequently, the regeneration capa-
bility of M-DNL-6 was examined by using breakthrough experi-
ments. The activated adsorbent was exposed to a binary mix-
ture of gases comprising CO,/CH, (20:80 v/v) with a flow rate
of 10 mLmin™" at 298 K, until the absorbent was saturated
with CO,. Then, the saturated sample was purged with a flow
of 20mLmin™' CH, for 30 min at the same temperature.
Successive operation procedures were repeated for six cycles.
To reduce the switching time for the adsorbent regeneration,
the M-DNL-6 sample saturated with CO, was scrubbed for only
10 min by increasing the regeneration temperature to 333 K.
Three cycling breakthrough experiments for the CO,/N, separa-
tion were also performed on M-DNL-6 with identical conditions
to that of CO,/CH, regeneration. As shown in Figure 9, these
cycling tests revealed that M-DNL-6 regained almost 95% of its
original CO, adsorption capacity under very mild regeneration
conditions. Therefore, M-DNL-6 can be proposed as a feasible
adsorbent with a large dynamic separation capacity of CO,
and facile regeneration.

Conclusions

We have developed a new method to synthesize a DNL-6 that
utilizes SAPO dry gel as the starting material. The product con-
tains a high concentration of Si(4Al) environments
[Si/(Si+Al+P)=0.182 mol], which is the highest value reported
for SAPO-based molecular sieves. The large CO, adsorption ca-
pacity and high selectivity of CO,/CH, and CO,/N, observed on
M-DNL-6 can be ascribed to a synergy of the suitable pore
aperture and the high concentration of Brensted acid sites in
the material. Breakthrough experiments confirm that M-DNL-6
is selective for the adsorption of CO, and requires very mild
conditions for regeneration. These characteristics render
M-DNL-6 a promising candidate for the selective removal of
CO, from natural gas or flue gas. Furthermore, M-DNL-6 could
be utilized as a promising membrane; the gas separation abili-
ty of microporous SAPO-based molecular sieves is greatly in-
creased when they are synthesized as membranes."***”

Experimental Section
Sample synthesis

Typical synthesis of M-DNL-6: an SAPO gel with a molar composi-
tion Al,05/P,05/Si0,/H,0=1:1:0.6:50 was prepared by mixing
pseudo-boehmite (70.5 wt%), water, phosphoric acid (85 wt%),

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Cycling breakthrough experiments for binary gas separations.

a) CO, retention time for cycling CO,/CH, separations. Cycle 1: the first
breakthrough; cycles 2-6: repeated breakthroughs after the adsorbent had
regenerated with CH, purge at 298 K for 30 min; cycle 7: adsorbent regener-
ated with CH, purge at 333 K for 10 min. b) Breakthrough cycles for CO,/N,
separations with CO, and N, effluent from the fully regenerated M-DNL-6
and CO, effluent obtained from repeated cycles after a N, purge at 298 K for
30 min.

and silica sol (27.5 wt%) in sequence. The mixture was stirred for
2 h and further milled for 15 min to obtain a homogeneous gel.
The dry SAPO gel was obtained by using a spray-drying process.
The resulting SAPO material (20 g) was ground into a powder and
added to a solution that consisted of DEA (13 g) and water (24 g).
The final mixture was transferred into a stainless steel autoclave,
sealed, and heated to 468 K under rotation for 9 h. The molar ratio
of the gel components were DEA/AI/P/Si/H,0=1.2:1:1:0.3:9.3. The
as-synthesized products were recovered through filtration, washed
with deionized water, and dried at 373 K overnight. The products
were then calcined at 873 K for 3 h to remove any organic species
for further characterizations.

Detailed synthesis procedures of SAPO-34, L-DNL-6, and H-DNL-6
and characterizations (XRD patterns and SEM images) of these
samples are presented in the Supporting Information. These sam-
ples were synthesized according to our previously published
works.”3" The NaA zeolite was purchased as a commercial
sample with the molar ratio Na/Si/Al=1:1:1.

Characterization

PXRD patterns were recorded on a PANalytical X'Pert PRO X-ray dif-
fractometer with CuK, radiation (1=0.15418 nm) operating at
40 kV and 40 mA. Chemical composition of the solid samples was
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determined by using a Philips Magix-601 X-ray fluorescence (XRF)
spectrometer. SEM imaging was performed on a KYKY-AMRAY-
1000B electron microscope at 20 kV. Permanent porosity of the cal-
cined sample was determined by using N, adsorption at 77 K on
a Micromeritics ASAP 2020 system. Before analysis, the sample was
preheated to 623 K under vacuum for 10 h. The total surface area
was calculated based on the Langmuir adsorption model. The
micropore volume and surface area were evaluated by using the
t-plot method. Solid-state °Si MAS NMR spectroscopy was per-
formed on a Varian Infinityplus-400 spectrometer equipped with
a 5 mm MAS probe with a spinning rate of 6 kHz. The spectra were
recorded by using high-power proton decoupling; 2000-
6000 scans were accumulated with a n/4 pulse width of 2 us and
a 10 s recycle delay.

Adsorption experiments and calculations

Adsorption isotherms of CO,, CH,, and N, were measured by using
a Micromeritics ASAP 2020 apparatus at 273, 298, and 313 K and
pressures up to 101 kPa. The adsorption temperature was con-
trolled by using a Dewar bottle with a circulating jacket connected
to a thermostatic bath utilizing water as the coolant. Before analy-
sis, all samples were degassed under a vacuum at 623 K for 10 h.
The free space in the tube was determined by using He gas.

On the basis of the collected CO,, CH,, and N, adsorption iso-
therms at different temperatures, the enthalpy values (Q,) of CO,
adsorption in calcined M-DNL-6 were calculated by applying the
Clausius-Clapeyron equation:

Q, = RT? {8%”;)} =R [— 2(('?/:))} ) 2)

Here, Q,, is the adsorption heat, R is the gas constant, T is tempera-
ture, and P is pressure.

Henry’s law for selectivity of a single gas component adsorption,
i over j, was calculated based on the following equation:

Sy =Ki/K; (3)

Here, K; and K; are the Henry's law constants for the adsorption
components; i and j. K; and K; were obtained from the initial slopes
of the CO,, CH,, and N, isotherms.

Breakthrough experiments

The breakthrough experiment setup is shown in Figure S1. The cal-
cined M-DNL-6 powder (0.35 g) was packed between cotton plugs
in a quartz sample tube with an internal diameter of 0.46 cm (with
a bed height of approximately 2.5 cm). The packed column was ini-
tially purged with He (at a flow rate of 15 mLmin~') and heated to
623 K for activation. The He gas remained flowing through the
sample tube until the gas flow was changed to the gas mixtures
that were used for separation testing. The breakthrough tempera-
ture was controlled by using a circulating water thermostatic bath,
which was kept at 298 K. Ternary gas mixtures of CO,/CH,/He or
CO,/N,/He with a 20:15:65 (v/v/v) ratio were allowed to pass
through the sample at a flow rate of 15 mLmin~' until all compo-
nents reached their equilibrium concentration. The effluent gas
from the packed column was monitored by using a mass spec-
trometer. The breakthrough time was defined to be 10% of the
feed concentration of each gas. The retention time for detected
gases was calculated by subtracting the blank breakthrough time,

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

using the quartz sample tube packed with only cotton plugs, from
the observed breakthrough time.

Cycling breakthrough experiments were performed after the acti-
vated sample was initially purged with pure CH, or N, gas flow
until no other gases could be detected in the effluent. The sample
was then exposed to binary gas mixtures of CO,/CH, or CO,/N,
(20:80 v/v) with a 10 mLmin~' flow rate to detect the first CO,
breakthrough. Subsequently, the CO,-saturated sample was purged
with 20 mLmin~' of CH, or N, for 30 min at 298 K for cycling
breakthrough tests.
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