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ABSTRACT: Small-pore aluminophosphate (AIPO) molecular
sieves (MSs), particularly those in the ABC-6 family, have gained
significant attention for their unique capabilities in selective
adsorption and energy storage. However, developing new synthesis
strategies for designing AIPOs with three-dimensional (3D)
channel systems and determining the structures of nanosized
novel AIPO MSs remain challenging tasks. In this study, we
introduce a new small-pore AIPO with a 3D channel system, named
DNL-17, synthesized by using a diquaternary ammonium
compound as an organic structure-directing agent (OSDA). Its
crystallographic structure was determined through advanced 3D
electron diffraction (ED) techniques and further confirmed by
emerging integrated differential phase contrast imaging. DNL-17
exhibits a remarkable 24-layer stacking sequence along the c-axis and features a variety of composite building units (CBUs),
including d6r, can, cha, and eri. Significantly, a combination of 3D ED, theoretical calculations, and solid-state '*C NMR reveals that
the employed OSDA adopts distinct conformations to stabilize different cages. This finding highlights a novel strategy for
constructing AIPO MSs with diverse cage-based CBUs. Furthermore, DNL-17 demonstrates unique selective adsorption properties,
particularly in the separation of n-butane and isobutane.
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H INTRODUCTION
Aluminophosphate (AIPO) molecular sieves (MSs), discov-

luminophosphates (SAPOs). For example, SAPO-34 with a
CHA topology has demonstrated remarkable catalytic perform-
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ered in 1982 by Union Carbide Corporation, represent a
significant class of zeolite-related materials due to their
structural versatility and wide-ranging applications in adsorp-
tion, separation, and energy storage.' ' They are composed of
alternating arrangements of AlO, and PO, tetrahedra,
generating various three-dimensional (3D) frameworks with
well-defined channels or cavities of molecular dimensions.
These AIPO MSs can be categorized into small-, medium-, and
large-pore types based on the pore opening delimited by the
number of tetrahedra (T). Among these, small-pore AIPO MSs
with 8-ring pore openings are particularly noteworthy for their
unique capabilities in selective adsorption and energy
storage.”® For example, UIO-7 (ZON-type AIPO MS) has
been used to separate CH, and N, through a thermodynamic
equilibrium separation mechanism.”® The AIPO-42 (LTA-
type) efficiently stores solar energy through high water uptake
and low-temperature regeneration, releasing it as sensible heat
via adsorption when needed.”® Furthermore, the incorporation
of transition metals or silicon will enrich the chemical
composition of the small-pore AIPO family, resulting in the
formation of metaloaluminophosphates (MeAIPOs) or silicoa-
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ance in the methanol-to-olefin (MTO) process, which has
been commercialized by our research group.”*

It is worth noting that within the category of small-pore
AIPO MSs, the ABC-6 family is particularly dominant. From a
structural point of view, they belong to a hexagonal or trigonal
crystal system and consist of single 6-rings (s6rs) with three
distinct positions in the ab-plane, denoted as A, B, and C,
respectively (Figure 1a). These s6rs are stacked along the c-axis
and further connect through tilted single 4-rings to form a 3D
framework, generating structurally diverse cages.9 Up to now,
there are 10 small-pore AIPO MSs within the ABC-6 family.
According to the number of s6rs stacking layers, the size of
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Figure 1. (a) Three different positions of s6rs in the ABC-6 family, denoted as A, B, and C. (b—f) The stacking sequence of the commonly seen
cages. (g, h) Different synthetic strategies for constructing AIPO-78 and AIPO-91 with two-dimensional (2D) channel systems, as well as ZJM-8

(oxygen atoms were omitted for clarity).

cages from small to large follows this order as shown in Figures
1b—f and S1: gme, lev, eab, cha, ave, eri, aft, and sat cage.

Although ABC-6 small-pore AIPO MSs with different types
of cages have garnered increasing attention, their synthesis
remains challenging. One strategy involves using cyclic
quaternary ammonium salts as organic structure-directing
agents (OSDAs). For instance, the aforementioned AVE-type
AIPO MS, containing lev and ave cages, has been synthesized
using S-azoniaspiro[4.5]decane as an OSDA."” More interest-
ingly, the secondary OSDA, tetramethylammonium, facilitating
the formation of the gme cage combined with 5-
azoniaspiro[4.5]decane, enables the successful synthesis of a
new structurally related AIPO MS (called AIPO-91) with gme,
ave, and eab cages.'' Unfortunately, both small-pore AIPO MSs
possess a 2D channel system (Figure 1g). The alternative
strategy is utilizing diquaternary ammonium salts as OSDAs.
For instance, Alain Tuel et al. synthesized AIPO-17 (ERI-type)
by using N,N,N’,N’-tetramethylhexane-1,6-diamine as OSDA,
stabilizing elongated eri cages."> However, in recent years, only
one entirely new structure, ZJM-8 (JSY-type), has been
reported by Xiao’s group by employing triethyl-[4-
(triethylazaniumyl)butyl]azanium (denoted as C4—3E) as
OSDA." It is worth pointing out that such OSDAs are across
through eri and cha cages and the terminal organic groups
stabilize both cages (Figure 1h). To date, there have been a
few studies on a single type of diquaternary ammonium salt
stabilizing different types of cages, rather than the across-cage
strategy observed in ZJM-8.

Beyond the above synthetic hurdles, determining the
crystallographic structures of novel AIPO MSs remains
challenging, involving the initial framework solution, OSDA
locations, and host—guest interactions. This crucial structural
information will provide valuable insights into clarifying the
role of OSDAs. The primary difficulty lies in the tendency of
these materials to crystallize at the nanoscale, which is too
small to be investigated using conventional single-crystal X-ray
diffraction (SC-XRD). While powder X-ray diffraction
(PXRD) can characterize nanocrystals, it compresses 3D
data into 1D, complicating the assignment of diffraction
intensities to indices and hindering ab initio structural
determination. Recently, emerging 3D electron diffraction
(3D ED) techniques have been proven effective for
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determining the structures of unknown nanocrystals, including
unit cell parameters, space groups, and atomic coordi-
nates.'*”*° Continuous rotation electron diffraction (cRED),
a 3D ED technique, stands out for its rapid data collection,
minimal radiation damage, and high-quality data, making it
invaluable for nanoscale material structural analysis.”*°~>'

In this article, we report a new member of the ABC-6 family
called DNL-17 synthesized by employing ethyl-[3-[ethyl-
(dimethyl)azaniumyl]propyl]-dimethylazanium (designated as
C3—2MIE) as OSDA. Its crystallographic structure was solved
by advanced cRED, revealing that it is a small-pore AIPO MS
composed of dé6r, can, cha, and eri CBUs with a unique 24
stacking layers along the c-axis. Combined with the theoretical
calculation and solid-state 1*C NMR, it indicates that both eri
and cha cages are stabilized by C3—2MIE with distinct
conformations. Moreover, it also displays a unique selective
adsorption performance in the field of n-butane/isobutane
separation.

B RESULTS AND DISCUSSION

Design and Synthesis of DNL-17. Before exploring the
synthesis of small-pore AIPO MS composed of multiple cages
in the ABC-6 family, we identified the structural features of
commonly observed cages, as shown in Figure 1b—f. Each cage
is surrounded by different stacking sequences of single s6rs
along the c-axis. For example, the stacking sequence of lev cage
is ACBBA (Figure 1b), featuring three 8-rings that create a 2D
channel system,”” while the sequence of the well-known cha
cage is ACCBBA (Figure 1c). It is worth noting that both eri
and cha cages contain six 8-ring pore openings (Figure 1d).
The adjacent 8-ring pore openings in cha cages along the c-axis
are rotated by 60 degrees, whereas those in eri cages are not
rotated. The 8-ring pore openings in eri cages display an
elliptical shape, in contrast to the round 8-rings in cha cages.
Moreover, aft and swy cages can be considered as expanded
versions of cha and eri cages, respectively (Figure lef).
Considering the complexity of aft and swy cages and 2D
channel system resulting from the presence of lev cages, in this
work, we only focus on the synthesis of small-pore AIPO MS
within the ABC-6 family containing eri and cha cages.

As mentioned in the Introduction section, the utilization of
diquaternary ammonium as the OSDA would be a feasible
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Scheme 1. Design and Synthesis Scheme of DNL-17
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“The OSDAs, their abbreviations, and the resulting MS products are shown, with the terminal methyl and ethyl groups highlighted in blue and

yellow, respectively.

solution for synthesizing ABC-6 small-pore AIPO MSs.
Therefore, the flexible diquaternary ammonium salt as an
OSDA was expected to adopt different conformations for
directing different cages during the synthesis process. In this
case, the length of diquaternary ammonium and size of
terminal groups are two important parameters. In the previous
work reported by Xiao’s group, C4—3E was utilized as the
OSDA stabilizing both eri and cha cages through the across-
cage strategy (Figure 1h). It also indicates that neither eri nor
cha cages can accommodate such a large OSDA. Thus, the first
attempt was to shorten the length of C4—3E (C4 to C3) and
keep the terminal organic groups, resulting in C3—3E
(displayed in Scheme la) as an OSDA for the following
explorations. Based on the empirical chemical gel 10S-
DA:0.2HF:1P,0,:1A1,04:30TEG:5H, 0, it turns out that the
final product is AFI-type AIPO-S (Table 1). It indicates that

Table 1. Syntheses from Chemical Gel Composition
10SDA:xHF:1P,0,:1AL,0,:30TEG: SH,O at 200 °C for 72
h

OSDA HF products”
C3-3M 0.2 AIPO-34 + L°
C3-2MI1E 0.2 DNL-17
C3—1M2E 0.2 AIPO-17
C3-3E 0.2 AIPO-S
C3—-2MIE 0 DNL-17

“The phase appearing first is dominant. bL stands for layered phase.

this OSDA is prone to direct the channel-based framework
rather than the caged-based. It is highly possible that the
terminal organic groups are slightly too large to be
accommodated in the cha or eri cages.

The second attempt is to reduce the size of the terminal
organic group by replacing ethyl groups with the methyl ones
(denoted as C3—3 M as shown in Scheme 1b) for further
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investigations. Using the identical recipe, the main phase was
CHA-type AIPO-34 with a triclinic crystal system, accom-
panied by the unidentified impurity (Table 1). This indicates
that the length of C3—3 M is suitable for stabilizing the cha
cages. Therefore, in the third attempt, the length of the OSDA,
C3 backbone, was kept, and then the size of the terminal
groups slightly increased, resulting in the selection of C3—
IM2E and C3—-2MIE for the subsequent exploration.
Therefore, we synthesized C3—1M2E and C3-2MIE as
OSDAs for exploring new AIPO MS with distinct cages
(Scheme 1c,d and Figure S2). The synthesis attempt is still
based on the aforementioned recipes 10SDA:0.2HF:1-
P,04:1A1,05:30TEG:SH, 0. It turns out that C3—1M2E can
direct the known ERI-type AIPO-17, while C3—2MIE can
guide the successful synthesis of a new AIPO MS called DNL-
17 (Figure S3). Based on these findings, we further adjusted
the gel formula of DNL-17 and made attempts to synthesize
AIPO and SAPO materials devoid of fluorine (Table S1). The
following structural investigations were focused on the AIPO
form of DNL-17 synthesized in the absence of fluorine.
Structure Determination of DNL-17-cal and Directing
Mechanism of OSDA. After high-temperature calcination at
600 °C, the calcined DNL-17 (DNL-17-cal) shows good
crystallinity and its Ar adsorption isotherm result displays that
the pore width is 4.3 A, which indicates that it is a typical
microporous MS (Figures $4—S6). The SEM image shows that
the DNL-17-cal crystallizes in a nanosized block morphology
(Figure S7), and its crystallographic structure cannot be solved
by conventional SC-XRD. Hence, we utilized the cRED
technique to unravel the crystallographic structure of nano-
sized DNL-17-cal. A high-quality 3D ED dataset of DNL-17-
cal was collected within 3 min through the cRED technique,
and its reconstructed 3D reciprocal lattice is shown in Figure
2a. Its hexagonal cell parameters can be deduced from 3D ED
dataas a=b=12.6 A and ¢ = 58.8 A. Based on the reflection
condition, the possible space groups are R3, R3, R32, R3m, and
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Figure 2. (a) 3D reciprocal lattice of DNL-17-cal. (b, ¢) 2D reciprocal planes of #h0l and hh2hl. (d) The iDPC image of DNL-17 taken along the
[100] direction. (e) The crystallographic structure of DNL-17-cal and different types of cages in DNL-17-cal.
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Figure 3. (a—d) The structure of DNL-17-cal and three hypothetical structures (the three arrangements of the DNL-17-layer are marked with red,
yellow, and green dotted lines, respectively). (e) Cages different from DNL-17-cal in hypothetical structures.

R3m (Figure 2b,c). The initial structural model of DNL-17-cal
was solved using direct methods implemented in SHELXT
based on hkl intensities extracted by XDS>® with the space
group R3. It turns out that there are 4 aluminum (Al), 4
phosphorus (P), and 16 oxygen (O) atoms in the asymmetric
unit identified (Tables S2 and S3). In this case, its chemical
composition within one unit cell is Al;,P;,0,g5. It is significant
to note that can, dér, cha, and eri CBUs can be identified in the
DNL-17-cal, with only cha and eri cages featuring accessible 8-
rings (Figure 2e). Each cha cage is connected to six eri cages
through shared 8-rings, while each eri cage is linked to three eri
cages and three cha cages via shared 8-rings, resulting in a 3D
channel system with 8 X 8 X 8-ring pore openings. Moreover,
there are nine cages within one unit cell of DNL-17-cal, in
which the ratio of eri cages to cha cages is 2:1. More
interestingly, DNL-17-cal belongs to the ABC-6 family,
featuring a striking 24-layer stacking sequence of AABAA-
CAABBCBBABBCCACCBCC (A) along the c-axis. Alongside
AIPO-78, DNL-17 represents one of the MSs with the longest
stacking sequences in the ABC-6 family. Moreover, the
emerging integrated differential phase contrast (iDPC)
technique was employed for visualizing the crystallographic
structure of DNL-17 along the [100] direction, which is
consistent with the one solved by cRED (Figure 2d).
DNL-17-cal can also be considered as the assembly of a
thick building layer (denoted as the DNL-17-layer), as shown
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in Figures 3a and S8. The structure of DNL-17 can be
regarded as an ABC arrangement of the DNL-17-layers. Based
on this structural feature, eight hypothetical structures can be
further developed. After excluding the direct connection of two
dérs, three structures remain (denoted as DNL-17-H1, DNL-
17-H2, and DNL-17-H3), as shown in Figure 3b—d. It is of
interest to note that besides d6r, can, cha, and eri CBUs, there
are two more cages identified in the crystallographic structures
of DNL-17-H1 and DNL-17-H2 as shown in Figure 3e. One is
the well-known gme cage, and the other is an unprecedented
cage, currently referred to as the dnl cage. The cages with
accessible 8-ring pore openings in DNL-17-H3 are limited to
the gme and dnl cages, with no other cages featuring 8-ring
apertures. The crystallographic information on these three
hypothetical structures are provided in Tables S4—S7.

We also utilized the cRED technique to analyze the structure
of as-made DNL-17 (designated as DNL-17-as) for under-
standing the directing mechanism of such an OSDA (Figure
S9), and the important structural information is listed in
Tables S8 and S9. It shows that part of Al atoms are S-
coordinated, which is consistent with the solid-state >’Al MAS
NMR spectrum (Figure S10). After further structural refine-
ment, the different residual electrostatic potential distributions
within eri and cha cages were observed (Figure S11). However,
it is challenging to finalize refinement to locate individual C
and N atoms in the OSDA, resulting from the high-symmetry-
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Figure 4. (a) Different conformations of C3—2MIE in eri (left) and cha (right) cages. (b, c) The front and top views of two conformations of C3—
2MIE. (d) Solid-state *C NMR of DNL-17-as and simulated '*C NMR of two conformations were presented in blue, red, and black, respectively.

induced disorder. The results of the elemental analysis confirm
that the OSDA of DNL-17-as did not decompose (Table S10).
Moreover, thermogravimetric analysis (TGA) data indicate
that either cha or eri cage in the DNL-17-as is stabilized by one
C3—1M2E (Figure S12). Therefore, we carried out a
theoretical calculation to determine the locations of OSDAs
(Figure S13). After energy optimization, C3—2MIE had
different conformations in the eri and cha cages of DNL-17-
as (Figure 4a). Figure 4b,c shows the front and top views of
two conformations of C3—2MI1E. The two conformations can
be clearly distinguished from the top view. If the carbon chain
in C3—2MLIE is considered as a single bond that can rotate, the
C3—2MIE in the eri cages can be referred to as the eclipsed
conformation, while the C3—2MIE in the cha cages can be
called the staggered conformation.”*™*® The *C NMR spectra
of the two conformations were simulated through theoretical
calculations, and the results were consistent with those of
DNL-17-as (Figure 4d). Therefore, C3—2MIE can guide the
synthesis of two kinds of cages with distinct conformations.
Butane Isomer Adsorption and Separation. Due to the
small-pore openings identified in DNL-17, it can be utilized for
separating light alkane isomers and light alkane/alkene. After
preliminary explorations (Figures S14—S16), we have dis-
covered that DNL-17 shows the potential application in the
separation of n-butane and isobutane. Both n-butane and
isobutane are essential petrochemical raw materials, utilized in
direct applications and as intermediates for the production of
other petrochemicals.”’ > As depicted in Figure S5a, the
adsorption capacity of DNL-17 for n-butane can reach 1.83
mmol/g at 298 K, and the adsorption capacity of isobutane is
only 0.19 mmol/g with an uptake ratio of 9.2. Given the
presence of both cha and eri cages in DNL-17, we further
tested AIPO-34 and AIPO-17, which contain only cha and eri
cages, respectively. The results revealed that AIPO-17 exhibited
a negligible uptake for both gases, while AIPO-34 demon-
strated a higher adsorption capacity for n-butane compared to
DNL-17 (Figure Sb,c). To better understand the relationship
between adsorption performance and pore sizes, high-quality
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3D ED data of activated AIPO-34, DNL-17, and AIPO-17 were
collected and thoroughly analyzed (Tables S11—S14). The
pore openings revealed by 3D ED are presented in Figure
S17a—c. A comparison of the pore sizes with the dimensions of
isobutane shows that isobutane is too large (4.5 A X 5.5 A) to
be adsorbed by AIPO-34, DNL-17, and AIPO-17. In contrast,
n-butane, with dimensions of 3.7 A X 4.0 A, can be adsorbed
by AIPO-34 but not directly by DNL-17 or AIPO-17.
However, DNL-17 demonstrated a significant uptake of n-
butane during isothermal adsorption. Further 3D ED analysis
of n-butane-adsorbed DNL-17 revealed a notable expansion of
the cha cage pores (from 4.5 A X 2.8 A to 4.5 A x 3.1 A),
indicating the structural flexibility of DNL-17 (Figure S17d).
Therefore, we propose that n-butane can pass through DNL-17
due to its flexible structure, similar to how ITQ-55 with
elliptical 8-ring pore openings facilitates the passage of
ethylene.”” The dynamic adsorption performances of DNL-
17 and AIPO-34 showed notable differences. Specifically,
although the overall adsorption capacities of DNL-17 and
AIPO-34 were comparable, the adsorption rate of AIPO-34 was
significantly slower (Figure 5d). Finally, we conducted
breakthrough experiments for n-butane and isobutane with
concentrations of 50% each and a total flow rate of 1 mL/min.
The results indicate that the retention time of n-butane in
DNL-17 was 20.3 min/g, compared to 6.4 min/g in AIPO-34
(Figure Se,f). DNL-17 outperforms AIPO-34 by exhibiting a
significantly longer residence time for n-butane, primarily
attributed to its faster adsorption rate. Consequently, DNL-17,
with its notable adsorption capacity, stable regeneration ability
(Figure S18), and fluorine-free synthesis, demonstrates a
strong potential for practical applications.

Bl CONCLUSIONS

A new small-pore AIPO MS DNL-17 with a 3D channel
system, belonging to the ABC-6 family, was successfully
synthesized using C3—2MIE as the OSDA and characterized
by advanced 3D ED. Structural analysis reveals that it is
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Figure 5. (a—c) n-Butane (blue) and isobutane (red) adsorption/desorption isotherms of DNL-17 (a), AIPO-34 (b), and AIPO-17 (c) at 298 K.
(d) The dynamic adsorption isotherms of n-butane by DNL-17 and AIPO-34 at 298 K and 1 bar. (e, f) Breakthrough experiments of DNL-17 (e)

and AIPO-34 (f) for n-butane and isobutane at 298 K and 1 bar.

composed of d6r, can, cha, and eri CBUs, with a notable 24-
layer stacking sequence (AABAACAABBCBBABBC-
CACCBCC) along the c-axis. Combined with theoretical
calculations and solid-state '3 C NMR, the stabilization of two
key eri and cha cages by OSDA with distinct conformations has
been identified as a unique synthetic strategy. This highlights
the potential of flexible OSDAs to unlock new structural
diversity, paving the way for the design and synthesis of novel
MSs. Additionally, DNL-17 exhibits selective adsorption of n-
butane over isobutane, making it suitable for the adsorptive
separation of isobutane.

B EXPERIMENTAL SECTION

Materials. 1,3-Dibromopropane (99%, Aladdin Chemistry Co.,
Ltd.), trimethylamine solution (30—35%, Aladdin Chemistry Co.,
Ltd.), triethylamine (99%, Aladdin Chemistry Co., Ltd.), N,N-
dimethylethylamine (99%, Aladdin Chemistry Co. Ltd.), N,N-
diethylmethylamine (99%, Aladdin Chemistry Co., Ltd.), ethanol
(99.8%, Aladdin Chemistry Co., Ltd.), hydrochloric acid (HCI, 37%,
Kermel), silver oxide (99%, Aladdin Chemistry Co., Ltd.), morpho-
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line (99%, Aladdin Chemistry Co., Ltd.), deuterium oxide (D,O,
99.9%, Leyan), cyclohexylamine (99%, Aladdin Chemistry Co., Ltd.),
aluminum isopropoxide (98%, Aladdin Chemistry Co., Ltd.),
phosphoric acid (85%, Damao Chemical Reagent Factory),
tetramethoxysilane (98%, Aladdin Chemistry Co., Ltd.), solid silica
gel (SiO,, 98%, Qingdao Haiyang Chemical Reagent), triethylene
glycol (98%, Aladdin Chemistry Co., Ltd.), and hydrofluoric acid
(40%, Damao Chemical Reagent Factory) were used without further
purification. The deionized water was obtained in our laboratory.

Preparation for OSDAs. In a typical synthesis process, 30 g
(148.60 mmol) of 1,3-dibromone was dissolved in 150 mL of ethanol,
and 24.08 g (356.63 mmol) of N,N-dimethylethylamine was added
dropwise. The resulting mixture was stirred at room temperature for 2
days. It was filtered to recover a white precipitate, washed with ether,
and dried to obtain pure ethyl-[3-[ethyl(dimethyl)azaniumyl]propyl]-
dimethylazanium; bromide. Subsequently, it was exchanged with
silver oxide in the dark to obtain ethyl-[3-[ethyl(dimethyl)-
azaniumyl]propyl]-dimethylazanium; dihydroxide (denoted as C3—
2MI1E).

DNL-17 Synthesis. In a typical synthesis, phosphoric acid was
mixed with triethylene glycol (TEG), followed by the addition of
aluminum isopropoxide and stirring until uniform. Then, C3—2MI1E
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and hydrofluoric acid were added to obtain the initial gel mixture,
from which water was subsequently evaporated. The final molar
composition of the mixture was 10SDA:0.2HF:1-
P,04:1A1,05:30TEG:SH,0. The mixture was transferred to a
stainless-steel high-pressure reactor and crystallized statically at 200
°C for 72 h. After crystallization, the solid product was centrifuged,
washed, and dried at 100 °C, yielding a white powder product, DNL-
17-as.

AIPO-34 and AIPO-17 Syntheses for Adsorption. The
syntheses of AIPO-34 (CHA-type) and AIPO-17 (ERI-type)*"*
were carried out as follows: in both cases, phosphoric acid was mixed
with water, followed by the addition of aluminum isopropoxide, and
stirred to form a uniform mixture. For AIPO-34, morpholine and
hydrofluoric acid were added, with a final molar composition of
1.750SDA:0.5HF:1P,04:0.6AL,0,:116H,0. For AIPO-17, cyclohex-
ylamine and hydrofluoric acid were used, with a final composition of
10SDA:1HF:1P,04:1A1,05:40H,0. Both mixtures were transferred
to the stainless-steel high-pressure reactor and crystallized statically at
190 °C for 72 h (AIPO-34) or 200 °C for 48 h (AIPO-17), separately.
After crystallization, the solid products were centrifuged, washed, and
dried at 100 °C to yield the respective white powder products.

Adsorption Measurements. Adsorption/desorption isotherms
of n-butane and isobutane for all adsorbents were measured by using a
Micromeritics 3Flex apparatus at 298 K. Prior to adsorption, DNL-17-
cal, AIPO-17, and AIPO-34 were activated at 623 K for 4 h. Dynamic
adsorption isotherms of n-butane for DNL-17 and AIPO-34 were
measured on a BSD-VVS instrument (BEISHIDE Instrument
Technology, Beijing) at 298 K and 1 bar, with n-butane and N,
concentrations at 50%. Breakthrough experiments for DNL-17 and
AIPO-34 were conducted on a BSD-MAB multicomponent
adsorption analyzer (BEISHIDE Instrument Technology, Beijing) at
298 K and 1 bar, with n-butane and isobutane concentrations at 50%
and a total flow rate of 1 mL/min.
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