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The utilization of ethane-selective materials for adsorption-based separation technology presents an
energy-efficient alternative to cryogenic distillation for ethylene (C,H,) purification from ethane
(CyHg). To study the relations between separation performance and pore environments, we car-
ried out the isoreticular chemistry rule to introduce the -NH, groups into a C,Hg-selective MOF
[Cuy5(BTC)(DPU);5(H20)15], and successfully improved the adsorption capacity and selectivity for C;Hg
over C;H4. The NH,-functionalized MOF [Cuys5(NH,-BTC)(DPU);5(H,0)15] with a relatively narrow pore
not only forms appropriate pore restriction but also provides additional binding sites to enhance the
adsorption capacity of C;Hg relative to C;Hy4. Both gas adsorption and dynamic breakthrough results in-
dicated that the -NH, functionalization significantly enhanced the separation performance of materials
for CoHg/CoH4 mixtures, allowing the production of C;Hy with a purity of over 99.99% and a productivity
of up to 30.02L/kg in one step. Theoretical calculations revealed that the synergistic effect of appropri-
ate pore confinement and NH,-modified functional surfaces imposed stronger interactions on C;Hg than
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Ethylene (C,Hy), as one of the world’s largest chemical prod-
ucts, is the core of the petrochemical industry. Currently, a major-
ity of the world’s C;Hy is produced by thermal cracking of ethane
(CyHg) or steam cracking, and CyHg is inevitably existed as a ma-
jor byproduct [1]. The separation of C;Hg from C,H4 is thereby
a critical process to yield polymer-grade C,H, (>99.9%) for poly-
mer production [2]. The industrial separation of C;H4 from CyHg
typically relies on high-pressure cryogenic distillation at tempera-
tures as low as —160 °C because of the similar sizes and volatili-
ties between them, representing one of the most energy-intensive
processes [3]. Hence, the energy-efficient separation technology for
the production of polymer grade CyH, is highly desired and chal-
lenging [4].

Separation by means of adsorption using porous materials is
recognized as a promising alternative because of low energy con-
sumption and high efficiency [5-11]. Metal-organic frameworks
(MOFs) are porous crystalline materials formed by self-assembly
of inorganic metal centers with organic ligands. In comparison
to traditional porous materials, MOFs are regarded as excellent
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C,Hg/CyHy separation and purification platforms owing to their
ability to accurately adjust the framework structures and function-
alize the pore surfaces. MOFs for C;Hg/CoH, separation were di-
vided into C;Hy4-selective MOFs and C,Hg-selective MOFs [12-17].
In general, the design of C,Hy-selective MOFs is easier to imple-
ment through taking advantage of stronger interactions between
unsaturated C;H4 molecules and high polar binding centers, such
as open metal sites. However, to get CoH, product, the next des-
orption process is necessary, which is still difficult to produce
highly pure C;H4 due to co-adsorption of C;Hg in materials, so it
needs the multiple adsorption-desorption cycles and is also ener-
getically costly [18-23]. On the contrary, C;Hg-selective MOFs can
preferentially capture C;Hg impurity to directly produce CoH4 at
the separation column outlet [24-28], which is more facile and
economical process, and can also greatly reduce energy consump-
tion [29]. But CyHg-selective MOFs usually exhibit relatively low
loading or selectivity due to lacking strong binding sites. So it is
imperative to develop new C,Hg-selective MOFs for efficient C;Hy
purity [30-35].

The challenge of separating C;Hg and C,H, stems from their
very close molecular sizes and boiling points (Table S1 in Sup-
porting information) [36]. Compared to C,H4, C;Hg has a smaller
quadrupole moment (0.65 x 10726 esu cm? vs. 1.50 x 10726 esu
cm?) and a larger polarizability (44.7 x 10-2% c¢m3 vs. 42.52 x 10~2>
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Scheme 1. Strategy to boost C;Hg/C;H, separation through pore functionalization.

cm?), indicating that dispersion and induction interactions would
make major contributions in C;Hg-selective adsorbents [37]. C;Hg-
selective MOFs can be obtained by designing inert pore surfaces
or implanting C,Hg affinity sites which will preferentially adsorb
CyHg over CyHy [17,24,38-42]. For example, Chen et al. reported a
microporous MOF, Fe,(0,)(dobdc), with iron (Fe)-peroxo sites for
preferential binding of C,Hg over C,Hy4, showing a separation se-
lectivity of up to 4.4 for C,Hg/CoH, [24]. By virtue of pore engi-
neering, Li et al. successfully designed an inert ultramicroporous
material (Cu(Qc),) with optimized pore structure, realizing excel-
lent CyHg-selective adsorption behavior [39]. Although some C,Hg-
selective MOFs have been reported, there are still some deficiencies
such as typical “trade-off” effect between selectivity and capacity,
balancing these issues remains a constant challenge [43].

The adsorption amounts and selectivity for gases in MOFs are
crucial for separation, which are closely dependent on the pore
environments of MOFs. Therefore, the regulation of pore walls
through using functionalized ligands would provide an important
approach to enhance the separation performance of MOFs for
CyHg/CoH,4 mixtures (Scheme 1). To target MOFs with the prefer-
ential binding of C;Hg over C;H4, we initially designed a CyHg-
selective MOF [Cuys5(BTC)(DPU);5(H,0)15] (Cu-MOF) from 1,3,5-
benzenetricarboxylic acid (H3BTC) and 1,3-di(pyridin-4-yl)urea
(DPU) linkers, which possesses abundant urea groups in pores and
will provide stronger multiple interactions with C,Hg over CyHy.
Then according to the isoreticular principle, the -NH, groups that
could be the potential adsorption sites through hydrogen bonds
with gas molecules were embedded into the pores through re-
placing H3BTC with NH,_H3BTC ligands, generating the isomorphic
framework Cu-MOF(NH,), [Cuys5(NH,-BTC)(DPU);5(H;0);5], with
more accessible sites in pores to study the control of pore chem-
istry for advancing C,Hg/C,H,4 separation. It was found that due
to the electronegative N/O sites and the coordination between wa-
ter and metal centers hindering the open metal sites (OMSs), both
MOFs exhibited C,Hg-selective adsorption behaviors. In particu-
lar, the introduction of -NH, groups in pores provides additional
binding sites to more enhance the binding affinity for C,Hg, lead-
ing to increased C;Hg and CyH,4 uptakes and C,Hg/CyHy selectivity
(from 1.4 to 1.8) in Cu-MOF(NH,) compared to Cu-MOF. The break-
through experiments also showed that Cu-MOF(NH,) can obtain
highly pure C;Hy (>99.99%) in one step with longer breakthrough
interval times and higher C;H,4 productivity.

The synthesis details of Cu-MOF and Cu-MOF(NH,) were given
in Supporting information. Single-crystal X-ray diffraction anal-
ysis determined that two MOFs exhibited isomorphic network
and crystallized in the same trigonal crystal system (Tables S2
and S3 in Supporting information). The crystal structure of NH,-
functionalized Cu-MOF(NH,) was described representatively. The
asymmetric unit contains half a Cu?* ion, half a DPU ligand, two-
thirds of deprotonated NH,-BTC ligand, and half a H,O coordinated
molecule. The Cu?* ion has a distorted square pyramidal geom-
etry constituted by two carboxylate O atoms from two NH,-BTC
and two pyridine N atoms from two DPU on the base plane and
one water O atom on the vertex (Fig. 1a). Six Cu?* ions and six
NH,-BTC are alternately connected to form a 48-membered planar
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Fig. 1. (a) Coordination environment of Cu?* ion, (b) layer, (c) cage I, (d) cage II,
and (e) 3D framework in Cu-MOF(NH,).

ring, which extends outward to form a layer with hexagonal win-
dows (Fig. 1b). Furthermore, the linkages of adjacent layers with
DPU as pillars to afford a (3,4)-connected three-dimensional net-
work, which with large windows is threaded by the other net-
work to afford a two-folded interpenetrated framework. The upper
and lower BTC-Cu coordinated motifs in an independent network
are supported by three DPU pillars to form a triangular prism-like
cage (cage I), and which passes through one ring in the layer of
the other network to form a cavity with six windows (Fig. 1c).
Along the c axis, the other cage (cage II) (Fig. 1d) is also formed
between two independent networks on both sides of cage I. These
cavities are connected to form channels with abundant accessible
N/O sites (Fig. 1e), in particular the modification of -NH, groups in
Cu-MOF(NH,) provides more potential sites in channels compared
to Cu-MOF, which may play a positive role in enhancing the sepa-
ration performance for C;Hg/C,H, mixtures.

Sample purity was verified by matched powder X-ray diffrac-
tion (PXRD) between the measured results of as-synthesized sam-
ples and the simulated patterns from single crystal structures (Figs.
S1 and S2 in Supporting information). Thermogravimetric analysis
(TGA) indicated the initial weight loss of lattice solvent molecules
in two MOFs before 110 °C. After a thermal stable platform, the
skeleton began to decompose at 250 °C (Figs. S3 and S4 in Sup-
porting information). Fourier transform infrared spectrum (FT-IR)
peaks of Cu-MOF(NH,) at 3306 and 3400 cm~! are the character-
istic peaks of N-H vibration from -NH, groups, however, Cu-MOF
only possessed one peak at 3307 cm~! (Figs. S5 and S6 in Support-
ing information). Meanwhile, Cu-MOF(NH,) also showed the peak
at 1379 cm™!, resulted from the C-N bond between the benzene
ring and the amino group (Fig. S6 in Supporting information) [44].
The frameworks of two MOFs were activated by heating at 110 °C
under vacuum for 3h for the acetone-exchanged (72h) samples.
It can be found that the coordinated water molecules which cor-
respond to the initial weight loss in activated samples were held
(Figs. S3 and S4 in Supporting information). The coordination wa-
ter molecules exclude the exposed metal ions which are not favor-
able for C,Hg selectivity over CyHy.

The identical frameworks but different potential adsorption
sites between two MOFs provide good platforms for studying the
influence of pore environments on gas separation. Two MOFs re-
vealed type-I N, adsorption isotherms with the close loadings of
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Fig. 2. Gas adsorption isotherms of Cu-MOF and Cu-MOF(NH,) at (a) 273 and (b) 298 K. Qs plots of (c) Cu-MOF(NH;) and (d) Cu-MOE.

about 280 cm3/g at 77K and 100kPa as well as the pore sizes
of 6.5-8.5A (Figs. S7 and S8 in Supporting information). To eval-
uate the adjustment on C,Hg/C;H4 separation by -NH, modifica-
tion, single-component adsorption isotherms were measured. As
shown in Figs. 2a and b, the uptakes of Cu-MOF for C;H4 and
C,Hg at 100kPa are 110.8 and 109.3 cm3/g at 273K and 91.6 and
91.5 cm3/g at 298K, respectively, however, those valves in Cu-
MOF(NH,) are increased to 119.6 and 117.6 cm3/g at 273K and
98.8 and 101.3 cm3/g at 298K, respectively. At the same time,
the adsorption isotherms of Cu-MOF(NH,) are moderately steeper
than Cu-MOF, indicating that the pore modification by -NH, groups
makes an increase in adsorption for two gases. Further, the isos-
teric heat of adsorption (Qs;) was calculated by fitting adsorp-
tion isotherms to virial equation, which revealed the affinity of
MOFs toward adsorbates (Figs. S9-S12 in Supporting information).
As shown in Figs. 2c and d, the initial Qs; values for C,Hg of
30.6 kJ/mol in Cu-MOF(NH,) and 27.6kJ/mol in Cu-MOF are higher
than the corresponding values for C;H, of 26.1 and 23.0kJ/mol, in-
dicating stronger interactions of two MOFs for C,Hg. Meanwhile,
the slopes of C,Hg isotherms are also significantly larger than
those of CyHy. These results illustrated a stronger affinity of the
framework for C;Hg than C,Hy4, supporting the C;Hg-selective be-
havior in two MOFs. In addition, the adsorption cyclic tests of Cu-
MOF(NH;) showed repeated results with no decrease in adsorption
capacity (Fig. S13 in Supporting information).

After surveying the improvement of C;Hg-selective adsorption
and higher C,Hg-binding affinity in Cu-MOF(NH,), ideal adsorbed
solution theory (IAST) was utilized to calculate the adsorption se-
lectivity of Cu-MOF(NH,) for 1/1, 1/9, and 1/15 of C;Hg/C;H4 mix-
tures and compared to those of Cu-MOF (Figs. S14-S17 in Support-
ing information). As shown in Fig. 3a, Cu-MOF(NH,) exhibits the
C,Hg/CyHy selectivity of about 1.8 for equimolar mixtures at 298 K
and 100kPa, which is significantly higher than that of Cu-MOF
(1.4), and is equivalent to some top-performing C,Hg-selective ma-
terials, such as CPM-733 (1.75) [45], ZIF-8 (1.7) [46], PCN-250 (1.9)
[47], and Zn-atz-ipa (1.7) [40], but greatly surpasses some excel-
lent MOFs, including TJT-100(1.2) [30], Azole-Th-1 (1.46) [25], UPC-
612 (1.4) [26], and Ni(bdc)(ted)qs (1.6) [48]. We used the separa-
tion potential (Aq) as a further evaluation and screening metric
of MOFs [49]. As shown in Fig. 3b, Figs. S18 and S19 (Supporting
information), the pure amounts of C;H,4 recovered from Cu-MOF
are 0.66, 1.40, and 149 mmol/g for the 1/1, 1/9, and 1/15 mix-
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Fig. 3. (a) IAST selectivity of Cu-MOF and Cu-MOF(NH,) for C;Hg/CoH4 mixtures.
(b) Separation potential for C,Hg/C;H, mixtures (1/15) in different materials. (c)
Comparison of C;Hs and C,Hg uptakes in different materials. (d) Comparison of
C,Hg uptakes and C;Hg/C,H4 selectivity in different materials.

tures, respectively, however which are greatly increased to 1.24,
2.95, and 3.17 mmol/g for Cu-MOF(NH,). In addition, taking the
1/15 mixtures as an example, the Aq of Cu-MOF(NH,) are higher
than many benchmark C,Hg-selective materials, including MUF-15
(2.97 mmolg) [31], Ui0-67-(NH;), (2.51 mmol/g) [50], and Cu(Qc),
(1.73 mmol/g) [39], thus outperforming many reported adsorbents
[17,42,47].

Adsorption amount is as equally important as the selectivity,
however, due to frequently existed “trade-off” effect between se-
lectivity and adsorption amount for separation in MOFs, it is chal-
lenging to simultaneously achieve both high C;Hg/CoHy4 selectiv-
ity and high C,Hg loading in one MOF. Although the C,Hg uptake
of Cu-MOF(NH,) (101.3 cm3/g) is not as good as several promi-
nent MOFs, such as CPM-733 (159.6 cm3/g) [45], Ni-MOF 2 (133
cm3/g) [35], PCN-250 (116.7 cm3/g) [47], and ZJU-120a (110 cm3/g)
[33], based on different pore environments and framework topolo-
gies, but is greatly higher than most reported MOFs, such as MAF-
49 (38.8 cm3/g) [38], Cu(Qc), (41.5 cm3/g) [39], ZIF-8 (56 cm3/g)
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[46], Fe,(0,)(dobdc) (74.3 cm3/g) [24], and UPC-612 (80.1 cm3/g)
(Fig. 3c) [26]. Taken together, Cu-MOF(NH;) not only exhibits good
CyHg/CoHy selectivity but also excellent C,Hg uptake, signifying
the potential as an efficient material for one-step purity of C;Hy
from C;Hg/CyH4 mixtures (Fig. 3d).

To further evaluate the effect of -NH, groups on CyHg/CoHy
separation performance, dynamic breakthrough experiments were
conducted in a packed column filled with activated MOFs
for CyHg/CoHy/Ar (5/5/90, 1/9/90, and 1/15/84, v/v[v, flow
rate= 7.0 mL/min, Ar as carrier gas) mixtures at 298 K and 100 kPa,
respectively. As shown in Fig. 4, two MOFs can separate C;Hg/CyHy
mixtures, whereby Cu-MOF(NH,) presents a considerably supe-
rior performance compared to Cu-MOF, aligning with the pre-
dicted results based on gas adsorption amount and IAST selectiv-
ity. As shown in Fig. 4a, C,Hg can be effectively separated from
CyHg/CHy (50/50) mixtures in Cu-MOF, in which a high-purity
CyHy (=99.9%) of 3.77L/kg productivity is obtained at the outlet.
However, Cu-MOF is failed to efficiently eliminate C,Hg from 1/9
and 1/15 CyHg/C;H4 mixtures because of low selectivity for C;Hg
over C;Hy, which leads to negligible C,H4 productivity and short
separation time (Figs. 4b and c). By contrast, for Cu-MOF(NH,), the
>99.99% purity of C;H,4 with 5.81, 8.33, and 30.02 L/kg productivity
can be directly recovered from the 1/1, 1/9, and 1/15 CyHg/CoHy
mixtures in one cycle, respectively. The higher C;H4 productiv-
ity and longer breakthrough interval times determined by break-
through experiments indicated that the immobilization of -NH,
groups in MOF successfully optimized pore confinement, which as-
sociated with additional binding sites significantly improved the
separation of material for C;Hg/CoH4 mixtures (Fig. 4d). Consid-
ering better separation performance of Cu-MOF(NH,), the break-
through measurements at different flow rates of C;Hg/CoHy mix-
tures (1/15, v/v) were further conducted at 298 K in Cu-MOF(NH,),
it also indicated the complete separation of C,Hg/C;H4 mixtures
(Fig. 5a). Notably, as shown in Fig. 5b, Cu-MOF(NH,) can also
be easily regenerated by purging with Ar at 323K, in which the
adsorbed C;H4 due to weaker binding affinity is desorbed more
quickly than C,Hg. The breakthrough experiment cycles were per-
formed on equimolar C,Hg/C,H4 mixtures to investigate the repro-
ducibility and recyclability of Cu-MOF(NH, ), which showed no de-
crease in separation performance (Fig. 5c). In addition, the PXRD
measurements revealed that the framework treated with different
environments retained structural integrity with no phase change
and loss of crystallinity observed (Fig. 5d).
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To in-depth elucidate the origin of C,Hg-selective behavior en-
hanced by -NH, functionalization, grand canonical Monte Carlo
(GCMC) simulations were done to investigate the interactions be-
tween the frameworks and gas molecules. As shown in Figs. 6a and
b, in Cu-MOF the preferential adsorption sites for C;H4 and C;Hg
are located in cages I and II, respectively. The C;H4 molecule inter-
acts with one pyridine ring and one urea N atom from DPU, and
one carboxylate O atom from BTC, through C-H---w and C-H.--N/O
interactions. By contrast, the C,Hg molecule is resided between
two BTC linkers and involved in more hydrogen bonds and C-H.--7r
interactions with the phenyl rings. For Cu-MOF(NH,), the prefer-
ential adsorption sites for C;Hg and C,H4 are both located in cage
I (Figs. 6¢ and d). The C;H4 molecule forms two C-H---N hydro-
gen bonds and two C-H.--7 interactions with the -NH, groups
and phenyl rings in the upper and lower NH,-BTC ligands, while
the C,Hg molecule interacts with two phenyl rings from two
NH,-BTC through forming four C-H..-C and one C-H...7r interac-
tions with the distances of 2.915-3.041 A, as well as two stronger
C-H--N (H--N=2.939 and 2.999 A) interactions compared to CyH,4
(H--N=2.996 and 3.187A). Therefore, the introduction of -NH,
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Fig. 7. (a, b) C;H4 and (c, d) CoHg adsorption sites at 298 K and 100 kPa in Cu-MOF.
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Fig. 8. (a, b) CHy and (¢, d) C;Hg adsorption sites at 298 K and 100kPa in Cu-
MOF(NH,).

groups not only changes the position of preferential adsorption
sites, but also makes C,H4 and C,Hg molecules more closely con-
tact with the pore walls. In particular, there obviously exist more
supramolecular contacts between C,Hg molecule and pore walls
in Cu-MOF(NH,). Meanwhile, the calculated binding energies for
C;Hg and CyHy4 in Cu-MOF(NH,) (42.5k]/mol vs. 32.3k]/mol) also
showed the higher values compared to Cu-MOF (37.5k]J/mol vs.
29.4kJ/mol). These findings are consistent with the better C,Hg-
selectivity for Cu-MOF(NH,) than Cu-MOF, as found in experimen-
tal results.

Furthermore, the more different binding sites were further ex-
plored by GCMC simulations at 298 K and 100 kPa to evaluate the
binding of C;H4 and C;Hg molecules in Cu-MOF (Fig. 7) and Cu-
MOF(NH;) (Fig. 8). The detailed data on these interactions was
listed in Table S4. The results revealed that the adsorption sites
are mainly located in cavities for two MOFs through forming
C-H.-C/N/O/m interactions. Comparing the interactions between
the framework and gas molecules: C;H4 in Figs. 7a and b vs. C;Hg
in Figs. 7c and d for Cu-MOF; C,H4 in Figs. 8a and b vs. C;Hg in
Figs. 8c and d for Cu-MOF(NH,), it clearly revealed that the inter-
actions between the framework and C;Hg are more and stronger
than C;H4 in two MOFs. In particular, the -NH, groups in Cu-
MOF(NH;) make both C;Hg and C;H4 molecules have closer con-
tacts with the framework, leading to increased C-H---N interactions
as a result, and which is more evident for C;Hg in pores, agree-
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ing well with the experimental findings of more C,Hg capture and
higher C,Hg/CyH, selectivity in Cu-MOF(NH,) relative to Cu-MOF.

In summary, based on pore decoration strategy, we have ef-
fectively tuned the pore environment through installing -NH,
functionalized groups and obtained an isomorphic Cu-MOF(NH,)
for targeting highly efficient one-step C,H, purification from
CyHg/CoHy4 mixtures. The -NH, groups enhanced the interactions
of the framework with C,Hg molecules, which preferentially ad-
sorbed more C;Hg from C,Hg/CoH4 mixtures. Cu-MOF(NH,) with
high C;Hg uptakes and significant C;Hg/CyHy selectivity effectively
reduced “trade-off” effect in comparison to Cu-MOF. As a result,
Cu-MOF(NH,) produced polymer-grade C;Hy (>99.99%) in one-step
separation with a high productivity of 30.02 L/kg, which was 3.3
times higher than that of C;H4 produced by Cu-MOF, and a sig-
nificantly higher purity than Cu-MOF. The utilization of this pore
engineering approach will aid in the development and utilization
of MOF materials for the challenging separation of critical chemi-
cals.
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