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ABSTRACT: Mg, Co-substituted aluminophosphate zeolites with ERI framework
topology (denoted as MgAPO-ERI and CoAPO-ERI) have been synthesized under
hydrothermal conditions by using N,N,N’,N’-tetramethyl-1,6-hexanediamine as
organic template. Their CO, adsorption properties are investigated in comparison
to those of the pure aluminophosphate counterpart AIPO-ERI. CoAPO-ERI shows the
highest CO, uptake of 57.3 cm® ¢! (273 K and 1 bar) and the highest isosteric heat of
39.0 kJ mol™! among the three samples. Importantly, the incorporation of Mg>* and
Co*" ions in the framework of AIPO-ERI can greatly improve the adsorption
selectivities of CO, over CH, and N,. Whereafter, transient breakthrough simulations
were investigated and further proved the advantages of heteroatoms for separations.
These results demonstrate that isomorphous heteroatom substitutions in alumi-
nophosphate zeolites play a key role in enhancing CO, adsorption and separation
abilities.
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B INTRODUCTION

Global warming and greenhouse effect are seriously under-
mining the balance of the ecosystem. The benign cycling and
effective treatment of carbon dioxide is one of the major
concerns of human society. CO, capture and sequestration
(CCS) process is attracting increasing attention, which
provides a transitional solution allowing fossil to be the main
energy source for humanity until the maturity of renewable
energy technology.' > The most adopted commercialized
capture technology is primarily dependent on the adsorption
by aqueous amine solutions, which is regenerated by heating
under conditions above 100 °C.* In such a way, 60—80% cost
of the CCS process is spent on the capture and separation
steps.” The tough problem of large amount of energy cost calls
for a low-cost and high-efficiency method to keep pace with
the need for low carbon.’

The CO, selective adsorptions over CH, and N, are two of

materials, among which MOFs are potential candidates due to
their controllable structures and functions. However, the
limited operating condition, low stability, and complicated
synthetic procedures hinder their practical applications in the
CCS process."’ Zeolites and some of the stable inorganic open
frameworks, which are traditionally used in adsorption,
separation, and catalysis, are one of the most promising
materials for CCS process because of their diversity in porous
structures and chemical functionalities as well as high stabilities
in chemical and physical conditions compared to MOFs/ZIFs
and others."' For a notable example, a microporous copper
silicate SGU-29 exhibited a high CO, capacity of 156 cm’
cm™ (298 K and 1 bar), showing excellent performance in
both atmosphere and humid flue gases."> Many factors affect
the adsorption capacity and selectivity of zeolites for CO,, such
as topologies, channel systems, pore sizes, pore volumes, guest
cations, and functional groups.m—17 Among these, heteroatoms

the main issues with the deepening of the CCS study, wherein
various functional materials, such as zeolites, metal—organic
frameworks (MOFs)/zeolitic imidazolate frameworks (ZIFs),
carbon composites, and polymers, are widely used.®™ High
adsorption uptake and selectivity of CO, are essential for ideal
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in/out of frameworks are usually beneficial for affinity to
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gaseous adsorbates.'® Currently, ion exchange and isomor-
phous substitutions are the two common methods of
introducing heteroatoms into zeolite materials.'” Several
works have been reported to study the effect of heteroatoms
in zeolites through ion exchange on CO, adsorption and
separation. For instance, Bae et al. evaluated the influence of
cation exchange on different topologies of aluminosilicates in
postcombustion CO, capture.”’ Ke et al. reported a series of
high silica RHO zeolites for CO,/CH,/N, separation, in which
boron- and copper-containing alkali-metal-crown ether com-
plexes were used as templates.”’ Huong et al. prepared Cu*'-
and Fe**-exchanged zeolites and explored their CO, separation
over N,.** The above-mentioned results show that heter-
oatoms would improve both CO, adsorption capacity and
selectivity. Nonetheless, compared to post-treatment methods
in which the heteroatoms occupy the void space of zeolites,
framework isomorphous substitutions in zeolites would be a
more convenient and straightforward strategy that can
maintain more accessible voids for CO, adsorption. However,
thus far, the influence of heteroatoms introduced by
isomorphous substitutions on CO, adsorption has rarely
been reported.

Aluminophosphate (AIPO) molecular sieves as an important
category of zeolites have been extensively studied due to their
rich structures ever since their first synthesis in 1982 by Wilson
and Flanigen.”> Subsequent incorporations of silicon and/or
metal ions into AIPOs endowed the neutral frameworks with
Bronsted acid sites and excellent catalytic and adsorption
properties, especially for SAPOs.">** SAPO-34 (CHA)
belongs to the ABC-6 zeolite family, whose structures are
teatured by stacking of three types of six-ring layers in an
hexagonal unit cell.” It is an outstanding representative of
aluminophosphate zeolites that has been used as one of the
best industrial catalysts for methanol-to-olefin reactions and is
also a potential material for gas adsorption. Previous report
showed that SAPO-34 had a good CO, adsorption capacity of
3.90 mmol g~ and selectivity over CH, of 7.36 at 298 K and
101 kPa."> Zhong et al. showed that SAPO-17 (ERI topology)
membranes displayed a good CO,/CH, selectivity of 53 and
CO,/N, selectivity of 14, which were similar to that over
SAPO-34 membranes.”® ERI, is also a member of the ABC-6
zeolite family, which has a three-dimensional intersectional 8-
ring channel system. The composite building units of d6r, can,
and elliptic cages of [4'26°8°] constitute the 8-ring pores (3.6
X 5.1 A). Interestingly, AIPO-17 is one of the best reported
materials for pure aluminophosphates in CO, adsorption
amount (2.5 mmol g, 273 K, and 100 kPa).”” Here, in this
study, we have for the first time introduced heteroatoms in
ERI aluminophosphate zeolites by isomorphous framework
substitutions to boost the CO, adsorption and separation
properties. Heteroatom-containing aluminophosphate zeolites
with ERI topology MAPO-ERI (M = Mg®, Co®") are
synthesized under hydrothermal conditions. Studies on the
CO, adsorption and separation of MAPO-ERI demonstrate
that the introduction of heteroatoms through isomorphous
framework substitutions could greatly improve the CO,
adsorption and separation abilities. This work will provide a
useful guidance for the design of highly efficient zeolite

materials for potential CCS applications.

B EXPERIMENTAL SECTION

Materials. All the reagents were obtained from commercial
sources and used without purification. Aluminum isopropoxide
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(>98% purity) were obtained from Tianjin Guangfu Fine Chemical
Research Institute. H;PO, (85 wt %) was supplied by the Beijing
Chemical Reagent Factory. Mg(OAc),4H,0 or Co(NOs;),-6H,0
was obtained from Sinopharm Chemical Reagent Co., Ltd.
N,N,N’,N’-Tetramethyl-1,6-hexanediamine (TMHDA) were obtained
from Aladdin Chemical Reagent Co.

Synthesis of AIPO-ERI. In a typical synthesis, 0.408 g Al('PrO),
was dispersed in a solution of 7 mL H,O and 0.307 g H;PO, (85 wt %
in water). Then, 0.200 mL TMHDA was stirred into the mixture. A
homogeneous gel would form with a molar composition of 1.00
Al('PrO);: 1.33 HyPO,: 0.47 TMHDA: 200.00 H,0O. The gel would
then be stirred for another half an hour. The hydrothermal synthesis
condition was set at 453 K for 2 days in 23 mL Teflon-lined stainless-
steel autoclaves. The white crystals could be obtained after separation
by filtration with continuous washing. Following characterizations
would then be performed for the sample after drying at 333 K over
night.

Synthesis of MgAPO-ERI and CoAPO-ERI. In a similar way,
0.368 g Al('PrO); was dispersed in a solution of 7 mL H,O and 0.383
g H;PO, (85 wt % in water). Then, 0.044 g Mg(OAc),-4H,0 or
0.058 g Co(NO3),-6H,0 was added into the solution, followed by the
addition of 0.570 mL TMHDA using pipettes. A homogeneous gel
would form with a molar composition of 0.10 MO: 0.90 Al('PrO);:
1.67 Hy;PO,: 1.33 TMHDA: 200.00 H,O. The following steps are
same as those for AIPO-ERI, with the only difference of a lower
crystallization temperature of 443 K.

Characterization. Powder X-ray diffraction was recorded on a
Rigaku D/max-2550 diffractometer with a Cu Ko radiation (1 =
1.5418 A). The inductively coupled plasma atomic emission spectra
(ICP-AES) analyses were performed on a PerkinElmer Optima
3300DV spectrometer. Nitrogen (N,), carbon dioxide (CO,), and
methane (CH,) sorption experiments were performed on Micro-
meritics ASAP 2020 instrument, and the temperatures were
controlled by condensation pump and Dewar flask with the
fluctuations less than +0.2 K during the experiment.

B RESULTS AND DISCUSSION

Syntheses and Characterizations. AIPO-ERI was hydro-
thermally synthesized in the gel with a molar composition of
1.0 AL,O5: 1.33 P,O5: 0.94 TMHDA: 400 H,0 and MgAPO-
ERI and CoAPO-ERI were hydrothermally synthesized in the
gel mixtures with molar composition 0.1MO: 0.45 Al,O;: 1.67
P,0,: 2.33 TMHDA: 200 H,0 (M = Mg, Co). It could be
confirmed that the samples are pure phases by their consistent
powder X-ray diffraction patterns with the simulated one of
ERI (Figure 1). Their scanning electron microscopy (SEM)
images display a rodlike morphology (Figure S1). Inductively
coupled plasma atomic emission spectra (ICP-AES) analyses
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Figure 1. Experimental powder X-ray diffraction patterns of the as-
synthesized AIPO-ERI, MgAPO-ERI, CoAPO-ERI, and their
simulated one.
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gave the Mg and Co molar contents of MgAPO-ERI and
CoAPO-ERI of 8.7 and 13.9%, respectively (Table S1). The
elemental mapping images shows that the heteroatoms are
uniformly distributed rather aggregated together (Figure S2).

Thermal and hydrothermal stabilities of these three samples
were tested. After heating at 550 °C for 6 h, the structures of
the three samples can be maintained (Figure S3). The
hydrothermal stability was studied by steaming the samples
in vapor at 110 °C for 2, S, and 10 h. Figure S4 shows that
MgAPO-ERI is more stable than CoAPO-ERI after the
steaming treatment. The structure of MgAPO-ERI was kept
stable upon treatment for 10 h, whereas CoAPO-ERI collapsed
upon treatment for 5 h.

N, adsorption isotherms were measured at 77 K to study the
texture properties of the ERI samples. As shown in Figure 2, all
of them exhibit classic type I isotherms according to IUPAC
classification. The Brunauer—Emmett—Teller (BET) specific
surface areas could be calculated to be 581 m” g~' for AIPO-
ERI, 494 m* g~' for MgAPO-ER], and 535 m* g~ for CoAPO-
ERI (Table 1). Micropore volumes of AIPO-ERI, MgAPO-
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Figure 2. N, adsorption and desorption isotherms and pore-size
distributions (insets) of calcined AIPO-ERI (a), MgAPO-ERI (b),
and CoAPO-ERI (c) at 77 K.

ERJ, and CoAPO-ERI are 0.22, 0.17, and 0.19 cm?® g_1 by the
t-plot model, respectively. Pore-size distributions are calculated
by the density functional theory (DFT) model, giving 0.63 nm
for AIPO-ERI, 0.59 nm for MgAPO-ERI, and 0.63 nm for
CoAPO-ERI

CO, Adsorption. CO, adsorption isotherms of the three
samples were measured at 273, 283, and 298 K, respectively
(Figure 3 and Table 1). As can be seen, their adsorption
quantities decrease with increase in temperature. In the low-
pressure area below 0.1 bar, the uptake of CO, is in the order
of CoAPO-ERI > MgAPO-ERI > AIPO-ERI (Figure SS and
Table S2). In the high-pressure area, CoAPO-ERI displays the
highest uptakes of CO, at different temperatures. And the
uptakes of CO, keep the order of CoOAPO-ERI (35.3 cm® g7')
> MgAPO-ERI (31.7 cm® g') > AIPO-ERI (31.6 cm® g7') at
298 K and 1 bar. These results clearly show that the
heteroatom substitutions can promote the CO, adsorption
capacity of ERI Notice that at 273 and 283 K and 1 bar, the
CO, uptake of MgAPO-ERI are lower than those of AIPO-ER],
which might be due to the relatively lower pore volume of
MgAPO-ERI. Compared with other pure aluminophosphate
zeolites, CoAPO-ERI (57.3 cm® g™') appears to be one of the
best materials for CO, adsorption (Table S3), which is only
inferior to AIPO-14 (AFN, 60.6 cm® g™ at 273 K and 100
kPa).”® Even at higher temperature (298 K), isomorphous-
substituted zeolites show obvious higher CO, capacities after
introducing heteroatoms. This is different from several
reported cation-exchanged zeolites in which the voids of
zeolites are occupied by the exchanged cations leading to the
decrease in CO, uptake.”” Isomorphous substitution in
aluminophosphates is noteworthy in that it results in the
electroneutral framework active sites that are uncapable of
cation exchange.

To better investigate the relationship between CO,
adsorption properties and heteroatom substitutions in ERI,
the isosteric heats of CO, adsorption (Q,) for AIPO-ERI,
MgAPO-ERI, and CoAPO-ERI were calculated by fitting the
CO, adsorption isotherms at 273, 283, and 298 K to the virial
equation. As shown in Table 1 and Figure 3d, the Q, for
CoAPO-ERI (39.0 kJ mol™") is the highest, which is much
higher than that of MgAPO-ERI (33.5 kJ mol™") and AIPO-
ERI (20.4 k] mol™!). This result indicates that the transition
element Co could greatly enhance the interaction between
CO, adsorbate and the inorganic framework compared with
the main group element Mg. This could be attributed to the d-
orbital of the transition element, which might form the d—n
coordination and increase the affinity between the framework
and the CO, molecules, thus having a more obvious effect than
the main group element.””***" Therefore, in the low-quantity-
adsorbed area, CoAPO-ERI is advantageous for the capture of
CO, molecules due to its high Q. In the high-quantity-
adsorbed area, the Q, values of the three samples are almost
the same after the consumption of metal sites, indicating the
sorption behaviors are mainly determined by the frameworks.**
These results are in the same range as those for some of the
inorganic porous materials, such as Silicate-1 (20 kJ mol™"),
AIPO-14 (35.2 kJ mol™), AIPO-5 (15 kJ mol™'), SAPO-5 (22
k] mol™), SAPO-56 (32 kJ mol™'), and SAPO-RHO (32 kJ
mol™"), which is in the physisorption range (20—S0 kJ
mol™1) 2428:33-35

Selective Adsorption Properties of CO, over N, and
CH, and Breakthrough Simulations. To investigate the
influences of heteroatoms on the CO, adsorption selectivities
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Table 1. Porosity Properties, CO,, Q,, CO,, CH,, and N, Adsorption Quantities of AIPO-ERI, MgAPO-ERI, and CoAPO-ERI

at 1 bar at Different Temperatures (K)

co, (em’ g) CH, (am’g™) N, (am’g™)
sample pore volume (cm® g7')  BET surface area (m? g™') Qg (kJ mol™) 273 283 298 273 298 273
AIPO-ERI 0.22 581 20.4 52.5 45.7 31.6 18.4 9.0 4.3
MgAPO-ERI 0.17 494 33.5 49.4 43.9 31.7 16.9 8.6 S.0
CoAPO-ERI 0.19 53§ 39.0 57.3 47.8 35.3 18.4 9.2 6.0
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Figure 3. CO, adsorption of AIPO-ERI (a), MgAPO-ERI (b), and CoAPO-ERI (c) at 273, 283, and 298 K. (d) The isosteric heat of adsorption

(Qy) for AIPO-ERI, MgAPO-ER], and CoAPO-ERL

over N, and CH,, the adsorption isotherms of N, (273 K) and
CH, (273 and 298 K) of AIPO-ERI, MgAPO-ER], and
CoAPO-ERI were measured (Figure 4a—c). The adsorption
capacities are in the order of CO, > CH, > N, for each sample,
indicating the preferential adsorption for CO, over both CH,
and N,. The CO, selectivities of the two different binary gases
of CO,/N, (0.5:0.5 and 0.15:0.85) and CO,/CH, (0.5:0.5 and
0.05:0.95) at 100 kPa were predicted by ideal adsorbed
solution theory (IAST). The adsorption isotherms were well
fitted by dual-site Langmuir—Freundlich adsorption model (R?
> 0.999). The fitting parameters were then used to predict the
multicomponent adsorption with IAST.

As shown in Figure 4d—f, MgAPO-ERI and CoAPO-ERI
show much higher selectivities for CO,/N, than AIPO-ERI
within the low-pressure range. Particularly, the selectivity of
MgAPO-ERI is much higher than that of CoAPO-ERI when
the pressure is around zero. With the increase in pressure, the
selectivities decrease gradually to attain a balance. At 100 kPa
and 273 K, MgAPO-ERI shows the highest CO,/N,
selectivities of 28.49 (0.5:0.5) and 29.41 (0.15:0.85), whereas
CoAPO-ERI shows relatively lower selectivities of 24.63
(0.5:0.5) and 27.24 (0.15:0.85) (Table 2). By contrast,
AIPO-ERI shows the lowest selectivities of 18.20 (0.5:0.5)
and 17.57 (0.15:0.85). It is obvious that the substitutions of
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Mg** and Co®' ions could greatly improve the adsorption
selectivity of CO,/N, for AIPO-ERI.

For selective adsorption of CO, over CH,, both MgAPO-
ERI and CoAPO-ERI show a better performance than AIPO-
ERI, and the selectivities of CO,/CH, decrease with increase
in pressure (Figure 4d—f). Notably, MgAPO-ERI shows the
highest selectivity of 7.26 (0.5:0.5) and 7.90 (0.05:0.95) at 100
kPa and 273 K (Table 2). At 100 kPa and 298 K, MgAPO-ERI
also exhibits the highest selectivity of 6.77 (0.5:0.5) and 6.66
(0.05:0.95).

For the selectivities of both CO,/CH, and CO,/N,, raw
MgAPO-ERI shows performances comparable to those of
other types of zeolites and better ones than some of the MOFs
materials.”***?°™*" To verify the superiority of heteroatoms,
Henry’s law is used to calculate the selectivities for CO,/CH,
and CO,/N, at 273 K and for CO,/CH, at 298 K (Figure S6
and Table 3). As can be seen, MgAPO-ERI always has the
highest selectivity in these conditions, which is in accordance
with the IAST calculations.

The separation performances of AIPO-ERI, MgAPO-ER],
and CoAPO-ERI in fixed-bed adsorbers were investigated
using transient breakthrough simulation; the simulation
methodology is described in earlier publications.**~" The
breakthroughs were carried out for (1) CO,/CH,/N, gaseous
mixtures with equimolar ratio operating at 100 kPa and 273 K
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Figure 4. CO,, CH,, and N, gas adsorption isotherms for AIPO-ERI (a), MgAPO-ERI (b), and CoAPO-ERI (c) at 273 K. CO,/CH, and CO,/N,
IAST selectivity for AIPO-ERI (d), MgAPO-ERI (e), and CoAPO-ERI (f) at 273 K.

Table 2. CO,/CH, and CO,/N, IAST Separation of AIPO-ERI, MgAPO-ERI, and CoAPO-ERI at 273 and 298 K and 1 bar

CO,/CH, at 273 K

CO,/CH, at 298 K CO,/N, at 273 K

sample 0.50:0.50 0.05:0.95
AIPO-ERI 443 4.15
MgAPO-ERI 7.26 7.90
CoAPO-ERI 7.17 7.22

0.50:0.50 0.05:0.95 0.50:0.50 0.15:0.85
4.49 391 18.20 17.57
6.77 6.66 28.49 29.41
5.87 5.48 24.63 27.24

Table 3. CO, Selectivities by Henry’s Law

Ky (CO,)/Kyy(CH,) at 273 K

AIPO-ERI 3.94
MgAPO-ERI 8.53
CoAPO-ERI 8.19

Ky(CO,)/Kyy(CH,) at 298 K Ky(CO,)/Ky(N,) at 273 K

3.47 23.65
6.42 36.95
4.8 30.16

and (2) equimolar CO,/CH, gaseous mixtures with equimolar
ratio operating at 100 kPa and 298 K. As shown in Figure §,
the breakthrough time is of the order of CO, > CH, > N, for
each of the samples, which is in line with the adsorption
capacities. On the basis of the transient breakthrough
simulations, metal-substitution obviously improved the per-
formance of AIPO-ERI, where the best separation performance
for both mixtures is achieved over CoAPO-ERI in the fixed-
bed adsorber, which could be attributed to its significantly
higher carbon dioxide uptake capacity."™!

Generally, the CO, adsorption and separation could be
related to several issues such as Q,, pore sizes, capacities,
structures, etc. Several DFT calculations have adopted periodic
models to study the adsorption on zeolites.””>* For example,
Chatterjee investigated metal substituents from a range of
metal cation on the acidic property (both Bronsted and Lewis)
of MAPOs.>® In this work, the FTIR spectra after pyridine
adsorption show that both Brensted (1545 cm™) and Lewis
(1450 cm™) acid sites exist in ERI aluminophosphate zeolites
(Figure S7). Besides, the XPS spectrum of Co 2p confirms the
existence of Co®* (Figure S8), which would give out Lewis acid
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sites. It is considered that the interactions are related to both
strength and concentration of Brensted and Lewis acid sites in
AIPI-ERI, MgAPO-ER], and CoAPO-ERI.

B CONCLUSIONS

In summary, aluminophosphate zeolites with ERI topology
including AIPO-ERI, MgAPO-ERI, and CoAPO-ERI were
synthesized and their CO, adsorption properties investigated.
The incorporation of heteroatoms can remarkably improve the
isosteric heat of adsorption of CO, of ERI; particularly,
CoAPO-ERI showed the highest Q, of 39.0 kJ mol™.
Consequently, CoAPO-ERI showed the highest CO, adsorp-
tion capacity of 57.3 cm® g7' (273 K and 1 bar), which is
among the highest values for pure aluminophosphate zeolites.
Meanwhile, an enhancement in the selectivities of CO,/CH,
and CO,/N, was also observed for MAPO-ERI, among which
MgAPO-ERI showed a more obvious effect than CoAPO-ERI.
Transient breakthrough simulations also proved the advantages
of heteroatoms for separations. This work demonstrates an
effective way to improve the CO, adsorption properties of
aluminophosphate zeolites by isomorphous substitutions.
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Figure S. Transient breakthrough simulation data for equimolar three-component CO,/CH,/N, mixture at 100 kPa and 273 K of AIPO-ERI (a),
MgAPO-ERI (b), and CoAPO-ERI (c) and for equimolar two-component CO,/CH, mixture at 100 kPa and 273 K of AIPO-ERI (d), MgAPO-ERI

(e), and CoAPO-ERI (f).

Moreover, it provides an insight into the understanding of the
CO, adsorption influenced by heteroatoms and the acidity of
zeolites, which will be useful for the design of highly efficient
zeolite materials for CO, capture and separation.
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Experimental

Calculations of the Isosteric Heats of Gas Adsorption (Qst):

The isosteric heats (Qs) of adsorption for AIPO-ERI, MgAPO-ERI and CoAPO-ERI
were calculated by fitting the CO, adsorption isotherms measured at 263 K, 273 K,
283 K and 298 K to the Virial equation. !

InP=InN + 1/T ymoa; NE + Y=o b;N 1)
Qse = —REoa;N’ )
N: amount adsorbed (mg/g);
P: pressure (mmHg);
T: temperature (K);
a;, b;: constants;

R: 8.314 J molt K*!
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Prediction of adsorption of binary mixture by IAST theory

In order to perform the IAST calculations, the single-component isotherm was fitted
by the dual-site Langmuir-Freundlich (DSLF) adsorption model to correlate the
pure-component equilibrium data and further to predict the adsorption of mixtures.!!

The DSLF model is described as:

bxl/"l bxl/”z
1Xp x 2 XPp
ms

(3)

q:CImlx

1/711 1/n2
1+byXp 1+b1Xp

Where p is the fugacity of bulk gas at equilibrium with adsorbed phase, gz and gm2
are the model parameters of the maximum adsorption amount, b; and b are the

affinity constants. n, and n; are the deviations from an ideal homogeneous surface.

Based on the above model parameters of pure gas adsorption, we used the IAST
model, which was proposed by Myer and Prausnitz in 1965 to predict the
multi-component  adsorption. ! Analogous to Raoult’s law for vapor-liquid
equilibrium, the IAST assumes that the adsorbed solutions are ideal and all activity
coefficients in the adsorbed phase are unity. Thus, the adsorption equilibrium between

adsorbed and gas phases will lead to the following equation

Pyip; = x;f,° (1) (4)

Where £° is the fugacity of the equilibrium gas phase corresponding to the spreading
pressure 7 for the adsorption of pure gas 7, @, is the gas fugacity coefficient of
component 7 calculated by PR equation of state, and x; and y; are the molar fraction of
component 7 at the adsorbed and bulk phases, respectively. The binary gas mixing

process is carried out at constant spreading pressure rand indicated by

B0 (f)din(h) = [ B3R din(f) (5)
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Where the single-component adsorption amount and selectivity are further obtained
from the above equation by numerical integration and root exploration. To investigate
the separation of binary mixtures, the adsorption selectivity is defined by

xi/xj

Sij = Wy, (6)

Where the selectivity refers to the first component over the second one, and the x; x;
and y; yy, denote the molar fractions of species 4 j in the adsorbed and bulk phases,

respectively.

Transient breakthrough of mixtures in fixed bed adsorbers

The methodology used is described in earlier publications. For the breakthrough
simulations, the following parameter values were used: length of packed bed, L = 0.3
m; voidage of packed bed, ¢ = 0.4; superficial gas velocity at inlet, u= 0.04 m/s. The
transient breakthrough simulation results are presented in terms of a dimensionless

tu
T=—
time as the x-axis, Le | defined by dividing the actual time, t, by the characteristic

Le S

i0  at the outlet of

time, U . The y-axis is the dimensionless gas concentration,
the fixed bed adsorber.

(@)

Characterization

The scanning electron microscopy (SEM) images were taken on a JSM-6700F
electron microscope operating at 5.0 kV. The elemental mapping images were taken
on Energy Dispersive Spectrometer (EDS) on Oxford X-MAX 80. X-ray
photoelectron spectroscopy (XPS) spectra were recorded using a Thermo
ESCALAB250 spectrometer with monochromatized Al Ka excitation.
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Captions

Figure S1. SEM images of AIPO-ERI (a), MgAPO-ERI (b) and CoAPO-ERI (c).

Figure S2. The elemental mapping images of AIPO-ERI (a), MgAPO-ERI (B) and
CoAPO-ERI (c). Color code: blue, Al; purple, P; red, O; green, heteroatom (Mg or
Co).

Figure S3. Experimental powder X-ray diffraction patterns of AIPO-ERI,

MgAPO-ERI and CoAPO-ERI after calcination at 550 °C for 6 h, as compared with
their simulated one.

Figure S4. XRD patterns of MgAPO-ERI (a) and CoAPO-ERI (b) after treatment by
reflux of water at 120 °C for 2, 5, 10 h.

Figure S5. CO; adsorption of AIPO-ERI, MgAPO-ERI and CoAPO-ERI at 273 K (a),
283 K (b) and 298 K (c).

Figure S6. Fitting parameters of Henry’s law for AIPO-ERI, MgAPO-ERI and
CoAPO-ERI for CO; at 273 K (a) and 298 K (b), CH,4 at 273 K (c) and 298 K (d) and
N, at 273 K (e).
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Figure S8. High-resolution XPS spectra of Co 2p.

Figure S9. CO,/CH, IAST selectivity for AIPO- ERI, MgAPO-ERI and CoAPO-ERI
at 298 K.

Figure S10. Virial fittings for CO, isotherms of AIPO-ERI (a), MgAPO-ERI (b) and
CoAPO-ERI (c).

Figure S11. CO, (a) and CH4 (b) gas adsorption isotherms for AIPO-ERI,
MgAPO-ERI and CoAPO-ERI at 298 K.
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CoAPO-ERI (in cm® g2).
S-6
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Figure S1. SEM images of AIPO-ERI (a), MgAPO-ERI (b) and CoAPO-ERI (c).
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Figure S2. The elemental mapping images of AIPO-ERI (a), MgAPO-ERI (B) and
CoAPO-ERI (c). Color code: blue, Al; purple, P; red, O; green, heteroatom (Mg or
Co).
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Figure S3. Experimental powder X-ray diffraction patterns of AIPO-ERI,
MgAPO-ERI and CoAPO-ERI after calcination at 550 °C for 6 h, as compared with

their simulated one.
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Figure S4. XRD patterns of MgAPO-ERI (a) and CoAPO-ERI (b) after treatment by
reflux of water at 120 °C for 2, 5, 10 h.
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Figure S7. IR spectra after adsorption of pyridine.

(For the 8-ring zeolites, the probe molecule pyridine is big. This might be a reason for

the weak signal).
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Figure S8. High-resolution XPS spectra of Co 2p.
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Table S1. The

molar contents of elements in AIPO-ERI, MgAPO-ERI and

CoAPO-ERIL.
Sample Al P M (Al+M)/P  Substitution/%
AIPO-ERI 12.8 15.04 - 0.98 -
MgAPO-ERI 7.03 7.53 0.67 1.02 8.7
CoAPO-ERI 6.01 6.91 0.97 1.01 13.9
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Table S2. CO, adsorption
CoAPO-ERI (in cm® g).

amounts at 0.10 bar for AIPO-ERI, MgAPO-ERI and

273 K 283 K 298 K

AIPO-ERI 9.08 6.71 4.22
MgAPO-ERI 12.50 9.07 5.87
CoAPO-ERI 13.81 13.02 5.88
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Table S3. Reported CO, adsorption capacities for other aluminophosphate zeolites in

comparison with CoAPO-ERI.

CO; capacity
Material name  Topology Condition Ref.
/ mmol g™
CoAPO-ERI ERI 273 K, 1 bar 2.6 This work
AIPO-ERI ERI 273 K, 1 bar 2.3 This work
AIPO-14 AFN 273 K, 100 kPa 2.7 4
ULM-6-calcined AFN 298 K, 101 kPa 1.89 5
JU93 AEN 273 K, 1 atm 1.84 6
AIPO-17 ERI 273 K, 100 kPa 2.5 7
AIPO-53 AEN 273 K, 100 kPa 1.65
AIPO-18 AEI 273 K, 100 kPa 2.1 8
AIPO-17 ERI 273 K, 100 kPa 2.3
AIPO-53 AEN 273 K, 100 kPa 1.9
AIPO-25 ATV 273 K, 100 kPa 11
AIPO-11 AEL 298 K, 100 kPa 0.8 9
H*-CoAPO SBE 298 K, 1 atm 1.2 10
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Table S4. Reported CO, adsorption selectivities and isosteric heat of adsorption for

other zeolites, MOFs, modified materials.

CO, capacity CO,/CH, CO,/N;
Material
Ref.
name Uptake / Selectiv-it Selecti-
Condition Condition Condition CcO, CHg4
mmol g* y vity
AIPO-14 273K, 100 kPa 271 300 K 6.24 35.2 12.8 4
DD3R 273K, 100 kPa 1.9 298 K 7.39 32 18.8 11
SBA-15 298 K, 100 kPa 35 298 K 5.7 298 K 14 12
3.5-1270. 17-2
LTA 303K, 100 kPa 1.0-5.1 303 K 21-49 13
6 7
Si-CHA 298 K, 100 kPa 0.47 298 K 4.06 21 17.1 14
MOF-5 303K, 100 kPa 1.9 298 K 1.8 14.9 5.1 15
62.7 mg
ZIF-8 273K, 100 kPa . 303 K 2.6 16
e
303K, 1.0
UiO-66(Zr)- bar
303K, 100 kPa 39 56 34.8 17
(COOH)2 CO2:N,=15:
85
273 K,
SNNU-12 273K, 1 atm 3.92 CO,/CH4=1: 155 21.3 2.9 18
1
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8.9 wt%
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30.2 mg
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cem®g?

298 K, 0.15
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Table S5. Fitting parameters of DSLF adsorption model for AIPO-ERI.

CO,at273K CO,at298 K CH,at273K CH,at298 K N;at273 K
Om 4.54866 4.25719 993.55577 1.8824 0.4109
Om2 0.03071 0.04625 1.49776 1.68738 2.38739
by 0.00897 0.00334 4.14164E-7  7.69221E-4  3.29769E-9
b, 2.61079E-6 0.05682 0.00724 0.00306 7.47039E-4
1/n, 1.02898 1.07312 1.32603 0.23337 3.71053
1/n, 3.70248 1.23913 1 1 0.99063
R 0.99999 0.99999 0.99999 0.99986 0.99997
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Table S6. Fitting parameters of DSLF adsorption model for MgAPO-ERI.

CO,at273K CO,at298 K CH,at273K CH,at298 K N;at273 K

Om1

Om2

by

b,

1/ny

1/n2

0.4533

3.50804

0.11029

0.01596

0.46159

0.95449

0.99999

4.62007

1.25482

0.00605

0.00806

0.78519

0.99999

1.30763

130.69686

0.00652

1.56506E-5

1.01137

1.30763

0.90348

48.89303

0.00478

1.98398E-5

0.98107

0.90348

0.21647

2.08786

7.61302E-9

0.00109

3.54794

0.99999
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Table S7. Fitting parameters of DSLF adsorption model for COAPO-ERI.

CO,at273K CO,at298 K CH,at273K CH,at298 K N;at273 K
Om 4.31958 0.11486 90.53807 0.06194 0.09667
Om2 0.53105 3.67357 1.4914 12.38541 4.84545
by 0.02152 0.06092 2.3667E-5 0.00139 7.72506E-21
b, 0.00485 0.00508 0.00652 5.3235E-4 5.75107E-4
1/n, 0.82737 1.23368 1.00982 1.74626 1.0719
1/n, 1.44881 1.05592 1 0.87416 1
R 0.99999 0.99999 0.99998 0.99996 0.99970
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