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ABSTRACT: Separating natural gas to obtain high-quality C1−C3
alkanes is an imperative process for supplying clean energy sources
and high valued petrochemical feedstocks. However, developing
adsorbents which can efficiently distinguish CH4, C2H6, and C3H8
molecules remains challenging. We herein report an ultra-stable
layered hydrogen-bonded framework (HOF-NBDA), which features
differential affinities and adsorption capacities for CH4, C2H6, and
C3H8 molecules, respectively. Breakthrough experiments on ternary
component gas mixture show that HOF-NBDA can achieve efficient
separation of CH4/C2H6/C3H8 (v/v/v, 85/7.5/7.5). More impor-
tantly, HOF-NBDA can realize efficient C3H8 recovery from ternary
CH4/C2H6/C3H8 gas mixture. After one cycle of breakthrough, 70.9
L·kg−1 of high-purity (≥ 99.95%) CH4 and 54.2 L·kg−1 of C3H8 (purity ≥99.5%) could be obtained. Furthermore, excellent
separation performance under different flow rates, temperatures, and humidities could endow HOF-NBDA an ideal adsorbent for
the future natural gas purification.
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■ INTRODUCTION
Presently, human’s dependence on fossil energy causes
excessive emissions of greenhouse gas especially carbon
dioxide (CO2) and leads to irreversible climate change.

1−5

Thus, new clean energy sources are urgently desired to
alleviate this excessive carbon emission. Natural gas is a
significant clean energy source that is mainly composed of CH4
which endows it with a high hydrogen to carbon ratio and high
energy density of 55.5 MJ·kg−1.6−8 Besides, raw natural gas also
contains a small quantity (∼20%) of variable amounts of
impurities, such as C2H6, C3H8, and so forth.

9−13 Among them,
C2H6 and C3H8 are usually used as the feedstocks to produce
higher value-added olefins (C2H4 and C3H6), which are usually
used as the building blocks to synthesize polyethylene or
polypropylene-based materials.14−18 Consequently, separating
natural gas to obtain high-purity CH4 and other remaining
alkanes is of great importance to realize the efficient utilization
of natural gas. Nowadays, the upgrading and purification
techniques of light hydrocarbons are mainly achieved by
extraction and cryogenic distillation, requiring large energy
consumption that does not match the requirements of
sustainable development. Recently, adsorptive separation
based on porous materials has emerged as an environment-
friendly and energy-efficient separation progress and has been

considered as an alternative to traditional separation and
purification methods.19−22 Therefore, developing such method
to separate natural gas is necessary for alleviating energy
consumption.
As for adsorptive separation, adsorbents are considered the

most important determinant of adsorptive separation. Consid-
erable research efforts have been contributed to develop
excellent adsorbents for light hydrocarbon separation.
Adsorbents like zeolites, metal−organic frameworks (MOFs),
and porous carbon materials have been intensively developed
for industrial gas separation.23−26 However, as we all know, an
ideal adsorbent should not only have high adsorption capacity
and selectivity, but also have high stability, easy scalability of
synthesis and mild regeneration to realize the application in
industrial environment. Therefore, considering the compre-
hensive factors, previous reports material is difficult to meet
the rigorous industrial requirements. And thus, it is necessary
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to develop more advantageous porous materials to adapt to
industrial separation conditions. Hydrogen-bonded organic
frameworks (HOFs), which have emerged as a new type of
superior porous materials, are generally constructed by discrete
organic molecules via intermolecular hydrogen-bonding
interactions. Besides, introducing some other supramolecular
interactions such as π···π conjugate can cooperatively endow
HOFs with stable structures.27−29 On the basis of these
strategies, a series of robust HOFs with permanent porosity
have been successfully constructed to apply for gas separation,

such as C2H6/C2H4, C2H2/CO2, C2H2/C2H4, C3H8/C3H6,
and so on.30−33 However, HOFs are rarely an efficient
adsorbent for CH4 purification and C3H8 recovery from
natural gas.
On the basis of the above considerations, we herein report a

hydrogen-bonded organic framework HOF-NBDA, which is
created by an organic ligand for a planar hexacarboxylic acid
and possesses a two-dimensional graphene-sheet-like structure
with a particular −ABCD− staking model. Benefiting from the
particularity of its structure and inert pore environment, HOF-

Figure 1. (a) The molecular structure of H6NBDA. (b) Representation of the two kinds of hexagonal windows and the resulting monolayer
network in HOF-NBDA. (c) The layered frameworks are stacked in slippage in an −ABCD− manner without interpenetration. (d) Top viw of 1D
channel in the framework. (e) The SEM image and (f) pore size distributions of HOF-NBDA.
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NBDA exhibits a large difference between the affinity of C3H8,
C2H6, and CH4. At 298 K and 1 bar, HOF-NBDA shows a
high uptake of C3H8 (108.5 cm3·g−1), a moderate uptake of
C2H6 (87.3 cm3·g−1) and a relatively low adsorption capacity
of CH4 (10.3 cm3·g−1). Due to the large difference in C3H8,
C2H4, and CH4 uptakes, HOF-NBDA shows excellent
performance for CH4/C2H6/C3H8 (v/v/v, 85/7.5/7.5) gas
mixture separation. After one cycle of the separation and
desorption experiment at ambient condition, 70.9 L·kg−1 of
high-purity (≥ 99.95%) CH4 and 54.2 L·kg−1 of C3H8 with
high-purity (≥ 99.5%) could be obtained. In addition, HOF-
NBDA can retain excellent CH4/C2H6/C3H8 separation
performance at different gas flow rates, temperatures, and
relative humidity conditions, which is rarely seen in the gas
separation materials. Furthermore, theoretical simulations
reveal that the two-dimensional structure and inert surfaces
of HOF-NBDA supply much more supramolecular interactions
with C3H8 than C2H4 and CH4, which plays the key role in
markable CH4/C2H6/C3H8 separation performance.

■ RESULTS AND DISCUSSION
Crystal Structure of HOF-NBDA. Yellow crystals of HOF-

NBDA can be obtained by simple solution diffusion method
(see Supporting Information, SI). In the crystal structure of
HOF-NBDA, three external benzene rings with m-benzenedi-
carboxylate acids coexist in one plane as the central
triphenylamine, presenting H6NBDA a planar conformation
with C3 symmetry (Figure 1a). Each H6NBDA molecule is
connected with six neighboring molecules through six pairs of
O−H···O hydrogen bonds, extending into an irregular
honeycomb layer with two kinds of hexagonal cavities about
14.4 × 14.3 Å2 and 10.1 × 12.0 Å2 (Figure 1b). Adjacent 2D
layers are packing together through discontinuous π···π
interactions, which results in a porous framework with 1D
channel along the a-axis with the size of ca. 8.4 Å (calculated
by Zeo++ package)34 (Figure 1c,d).

Gas Adsorption Experiments. The phase purity of HOF-
NBDA was verified by powder X-ray diffraction (PXRD)
patterns and scanning electron microscopy (SEM) (Figure 1e).
N2 adsorption experiment at 77 K revealed that HOF-NBDA
exhibits a typically reversible type-I type and the calculated
BET surface area is 965 m2·g−1.17 The calculated pore size is
8.4 Å (Figure 1f), which matchs well with the value obtained
from the crystal structure. Motivated by the suitable pore size
of and unique layered structure of HOF-NBDA, we have
conducted single-component adsorption isotherms for C3H8,
C2H6, and CH4 in the range of 273 K to 328 K, respectively. As
shown in Figure 2a−d and Figure S3, the storage capacity of
C3H8 is noticeably higher than those of C2H6 and CH4 at the
273−328 K. Besides, due to the negligible adsorption of CH4,
the uptake of C2H6 for HOF-NBDA is also higher than CH4.
The uptakes for these three light hydrocarbons follows the
squence of C3H8 > C2H6 > CH4, which confirms that HOF-
NBDA favorably adsorbs C3H8 and C2H6 molecules over CH4.
At 298 K and 100 kPa, the storage capacity of C3H8 and C2H6
are high up to 108.5 cm3·g−1 and 87.3 cm3·g−1, respectively,
while the amount of CH4 adsorbed by HOF-NBDA is only
10.3 cm3·g−1, performing that the gas uptake increases with the
prolongation of the carbon chain. It is worth noticing that the
adsorption isotherm of C3H8 displays a steep increase in the
range of low pressure. Therefore, it is suspected that the C3H8
molecules interacts more strongly with the framework than
C2H6 and CH4, which is also reported in the previous
research.35−37 More importantly, at 5 kPa, the uptake of C3H8
can reach 52.2 cm3·g−1, which is much higher than the uptake
of C2H6 (ca. 5.9 cm3·g−1) and CH4 (ca. 0.5 cm3·g−1) at the
same pressure. The C3H8 uptake at low pressure (5 kPa) is
slightly lower than these adsorbents with ultra-high C3H8
uptakes, such as Fe-pyz (61.4 cm3·g−1) and Co-pyz (63.7
cm3·g−1)38 (Table S3), but is much higher than HOF-ZJU-
201a (49.9 cm3·g−1),39 MIL-142A (41.2 cm3·g−1),40 Co-MOF
(36.6 cm3·g−1),13 UiO-67 (22.4 cm3·g−1),41 and SDMOF-3

Figure 2. (a−c) Single-component adsorption isotherms of C3H8, C2H6, and CH4 at 273−323 K. (d) The comparison of adsorption isotherms of
C3H8, C2H6, and CH4 at 298 K. (e) The Qst of HOF-NBDA for CH4, C2H6, and C3H8. (f) IAST selectivities of HOF-NBDA for C3H8/CH4, C2H6/
CH4, and C3H8/C2H6.
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(36.1 cm3·g−1).42 The remarkable differences between these
light hydrocarbons predict that HOF-NBDA has great
potential for separating these gases mixture.
In order to further investigate the interactions between the

gas and framework, the isosteric heats of adsorption (Qst) for
C3H8, C2H6, and CH4 are calculated based on the

mathematical analysis of the adsorption isotherms. After fitting
the adsorption curves of 273, 298, and 303 K, the Qst values
could be obtained and described in Figure 2e. The Qst value of
C3H8 at zero loading is 29.6 kJ·mol−1, which is higher than that
of C2H6 (21.9 kJ·mol−1) and far more than that of CH4 (13.3
kJ·mol−1). These results indicate that HOF-NBDA can

Figure 3. Adsorption configurations on HOF-NBDA for (a) C3H8, (b) C2H6, and (c) CH4. C−H···π interactions are represented by green dashed
lines, whereas the C−H···O hydrogen bonds are represented by pink dashed lines. For C−H···π interactions, the distances represent the C···C
separations, which for C−H···O hydrogen bonds the distances represent the H···O separations. All distances are given in angstrom unit.

Figure 4. Breakthrough curves of binary mixture through the fixed bed packed with HOF-NBDA. Three-cycles tests at 298 K for (a) CH4/C2H6
(v/v = 85/15, 1.60 mL·min−1), (b) CH4/C3H8 (v/v = 85/15, 1.50 mL·min−1) and (c) C2H6/C3H8 (v/v = 50/50, 1.30 mL·min−1) gas mixture. The
breakthrough curves with different flow rates 298 K for (d) CH4/C2H6, (e) CH4/C3H8, and (f) C2H6/C3H8. The breakthrough curves at different
temperatures for (g) CH4/C2H6 (1.60 mL·min−1), (h) CH4/C3H8 (1.50 mL·min−1), and (i) C2H6/C3H8 (1.30 mL·min−1).
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effectively differentiate CH4, C2H6, and C3H8, and has great
potential in CH4 purification and separation from ternary
mixed gas. Meanwhile, the Qst value for C3H8 is moderately
high and much lower than UiO-67 (47.5 kJ·mol−1),40 Cu-IPA
(43.9 kJ·mol−1),43 DMOF-Cl (36 kJ·mol−1),44 and Ni-MOF
(39.6 kJ·mol−1).35 Such a moderate Qst endows the preferential
C3H8 adsorption as well as facile recovery of C3H8 under mild
conditions with a low energy input during the desorption
process. Moreover, to further evaluate the separation potential
of HOF-NBDA for CH4, C2H6, and C3H8, ideal adsorbed
solution theory (IAST) is employed to calculate the selectivity
for the gas mixtures of C3H8/CH4 (v/v, 15/85), C2H6/CH4
(v/v, 15/85), and C3H8/C2H6 (v/v, 50/50) at 298 K and 100

kPa. As depicted in Figure 2f, the selectivity of CH4/C3H8,
CH4/C2H6, and C2H6/C3H8 can reach 210.1, 25.0, and 3.7,
respectively. Specifically, the CH4/C3H8 (85:15) IAST
selectivity for HOF-NBDA exceeds that of HOF-ZJU-201a
(119),39 UiO-66 (32.0),45 Zn-BPZ-SA (65.7),46 and SDMOF-
3 (49.4),42 it is lower than that of NIIC-20-Et (1110),47 Co-
MOF (290),13 MIL-142A (1300),40 and BSF-1 (353).48 The
above result also indicates that HOF-NBDA has great potential
for CH4/C2H6/C3H8 separation.
Separation Mechanism. For comprehensive insight into

the selective adsorption mechanism, the adsorption sites and
bonding potentials for C3H8, C2H6, and CH4 with HOF-
NBDA were simulated. We found that for all three gas

Figure 5. Breakthrough experiments of HOF-NBDA for CH4/C2H6/C3H8 (v/v/v = 85/7.5/7.5). (a) Cycle tests at 298 K with the gas flow rate of
1.55 mL·min−1. (b) The breakthrough curves with different flow rates at 298 K. (c) The breakthrough curves with flow rate of 1.55 mL·min−1 at
different temperatures. (d) The breakthrough experiments of HOF-NBDA at different relative humidities with gas flow rate of 1.55 mL·min−1. (e)
The productivities for CH4 under different flow rates at 298 K. (f) The productivities for CH4 at different temperatures with flow rate of 1.55 mL·
min−1. (Figure 4e,f is drawn according to the data in Tables S1 and S2.).
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molecules, the primary adsorption sites are located at the
corners of the hexagonal channel-like pores. The lowest-energy
adsorption site was calculated and is shown in Figure 3. The
calculated binding energies follow the order of C3H8 (50.2 kJ·
mol−1) > C2H6 (35.8 kJ·mol−1) > CH4 (24.9 kJ·mol−1) for
HOF-NBDA, which matches well with the experimental Qst at
zero coverage. As shown in Figure 3a, multiple supramolecular
interactions are observed between the C3H8 molecule and the
framework. Each C3H8 molecule is hydrogen bonded to four
carboxylate O atoms through six C−H···O interactions with
the O···H distances of 2.64−3.46 Å. In addition, the C3H8
molecule also interacts with the adjacent benzene ring through
two C−H···π interactions (corresponding C···C separations,
4.04 and 4.18 Å, respectively). For C2H6, there are four C−
H···O interactions (2.51−3.06 Å), and three C−H···π
interactions (3.48, 3.62, and 3.81 Å, respectively) (Figure
3b). In contrast, CH4 exhibits only three weak C−H···O
interactions (H···O, 3.02−3.38 Å) (Figure 3c). Evidently, due
to the more H atoms and larger molecular size of C3H8, the
C3H8 molecule exhibits much more supramolecular inter-
actions with the framework, resulting in the strongest binding
affinity. All the above results are well consistent with the
experimental observations, which can visually elucidate the
adsorption and separation phenomenon on natural gas
mixtures.
Selective Separation of Binary Mixtures. To verify the

actual separation ability of HOF-NBDA, experimental break-
through studies were performed in a packed column of
activated HOF-NBDA samples with flow feed gases under
different conditions. Firstly, binary CH4/C2H6 (v/v = 85/15,
total flow = 1.60 mL·min−1), CH4/C3H8 (v/v = 85/15, total
flow = 1.50 mL·min−1) and C2H6/C3H8 (v/v = 50/50, total
flow = 1.30 mL·min−1) mixtures were employed for testing the
separation ability for HOF-NBDA. As anticipated, HOF-
NBDA can realize efficient separation of CH4/C2H6, CH4/
C3H8, and C2H6/C3H8 mixtures. As demonstrated in Figure
4a,b, CH4 gases could flow out at first when the feeding gases
are CH4/C2H6 and CH4/C3H8, while the C2H6 or C3H8 gas
can be detected a long time later. The retention times could
reach 42.4 and 376.2 min, respectively, for CH4/C2H6 and
CH4/C3H8 under 298 K, corresponding the productivities of
high-purity CH4 (≥99.95%) are 69.9 L·kg−1 and 99.6 L·kg−1.
When the gas mixture is changed into C2H6/C3H8, it can be
seen that HOF-NBDA could also achieve effective separation
of the two components, and the interval between C2H6 and
C3H8 is 84.3 min (Figure 3c). Subsequently, cycling tests were
conducted to illustrate the reusability of HOF-NBDA. As
shown in Figure 3a−c, after three circles of breakthough
experiments for CH4/C2H6, CH4/C3H8, and C2H6/C3H8,
there were no significant changes in the separation curves,
indicating HOF-NBDA possesses excellent cyclic stability. In
order to further verify that HOF-NBDA can work well under
the actual conditions, separation experiments under different
flow rates and temperatures were also performed. As can be
seen from Figures 4d−f and S4−S5, when the gas flow rate
gradually increases, there is no significant change in the
corresponding gas productivities, indicating that the flow rates
had no effect on the separation performance of the HOF-
NBDA. In the next, the separation performance of HOF-
NBDA was investigated at different temperatures. As shown in
Figure 4g−i, although the separation performance would
decline in a certain extent as the separation temperature
gradually increases. When the temperature reaches 328 K, 35.8

L·kg−1 and 51.3 L·kg−1 of pure CH4 could be still obtained
respectively from CH4/C2H6 and CH4/C3H8 gas mixtures after
one breakthough test (Figures S4 and S5).
Selective Separation of CH4/C2H6/C3H8 Gas Mixtures.

Inspired by superior separation performance of HOF-NBDA
for binary gas mixtures, we next employed the ternary CH4/
C2H6/C3H8 (v/v/v, 85/7.5/7.5) mixture with a total flow rate
of 1.55 mL·min−1 to further evaluate its separation capacity. As
anticpated, CH4 rapidly elutes through the packed column at
10.1 min owing to the weakest interactions, and then C2H6
remains in the column for a longer time and is detected after
about 30 min (Figure 5a). Whereas C3H8 eluted at last being
attributed to the strongest adsorbate interation. The difference
between the breakthrough times (Δt) for C2H6 and C3H8 is as
long as 438.9 min. Importantly, the productivity of CH4 (high
purity ≥99.95%) harvested from the ternary mixture is
estimated as 70.9 L·kg−1 (Table S1). Additionally, the
recyclability of porous materials is very important in practical
applications. As can be seen in Figure 5a, the breakthrough
curves after four adsorption cycles are basically the same. At
the meantime, the PXRD patterns after breakthrough experi-
ments are also consistent with the simulated ones (Figure S2),
indicating HOF-NBDA has excellent stability for CH4/C2H6/
C3H8 mixture separation. To meet more practical application,
adsorbent should maintain a good separation performance
under the wide range of conditions, including different flow
rates and temperatures. As shown in Figure 5b, HOF-NBDA
shows an excellent separation performance when the flow rates
continuously increased, even up to 4.5 mL·min−1. Further-
more, when the temperature raises to 328 K, the ternary
separation performance has no obvious change, and the CH4
productivity is as high as 27.7 L·kg−1 (Figure 5c and Table S2).
In industrial natural gas separation, the feedstock gases

contain trace water vapor, which is a huge challenge for the
adsorption capacity and septation performance of the
materials.49−51 Very importantly, with the moisture of 100%
RH in the gas mixtures for CH4/C2H6/C3H8, the breakthrough
time for C2H6 is almost maintained and the breakthrough time
for C3H8 slightly decreases (Figure 5d). In addition, the
captured C3H8 in the column can then be recovered with high
purity during the regeneration desorption step. The desorption
experiments at 298 K are further conducted to determine the
recovery and productivity of C3H8. As revealed by Figure S6,
CH4 and C2H6 are removed within ca. 30 min·g−1 and 64.4 L·
kg−1 high-purity (≥ 99.5%) C3H8 is obtained during the
interim period (ca. 950 to 1180 min·g−1). More importantly,
gas flow and temperature also have no obvious influence on
the high-purity C3H8 productivities (Figure 5e and f). To sum
up, these excellent dynamic separation properties of HOF-
NBDA make it a promising and accessible adsorbent for
purified natural gas and recovery of C3H8 in the natural gas
industry.

■ CONCLUSIONS
In summary, we report a stable layer HOF with hexagonal
channels, which exhibits efficient CH4/C2H6/C3H8 separation
performance. Its C3H8 uptake at 5 kPa is as high as 52.2 cm3·
g−1, and its IAST selectivities for CH4/C3H8 (v/v, 85/15) and
CH4/C2H6 (v/v, 85/15) gas mixtures are 210.1 and 25.0 at
298 K and 100 kPa, respectively. The breakthrough experi-
ments prove that HOF-NBDA can efficiently separate the
CH4/C2H6/C3H8 ternary mixture and produce high-purity
CH4 (70.9 L·kg−1). In particularly, 54.2 L·kg−1 of C3H8 with a
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purity greater than 99.5% could be directly obtained through
desorption recovery. Theoretical calculations indicate that the
efficient separation performance of HOF-NBDA is attributed
to the more weak-interactions between C3H8 molecule and the
framework. More importantly, this material has excellent cyclic
regeneration and maintains the same separation performance
under various complex conditions, which is very important for
the practical application in industry.
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