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Abstract

Acetylene, an important petrochemical feedstock, is the starting chemical to produce

many polymer products. Separating C2H2 from its by-product mixtures is still an

energy-consuming process and remains challenging. Here, we present a metal–

organic framework[Zn2(bpy)(btec)], with a desirable pore geometry and stable frame-

work, which demonstrated a high separation performance of C2H2 from simulated

mixtures. With the desirable pore dimension and hydrogen bonding sites, Zn2(bpy)

(btec) shows by far the both highest C2H2/C2H4 and C2H2/CO2 uptake ratios, very

high adsorption selectivities and moderately C2H2 uptake of 93.5 cm3/cm3 under

298 K and 1 atm. Not only straightforwardly produced high purity of C2H4, but also

recovered high purity of C2H2 (>98%) in the regeneration process (>92% recovery).

More notably, Zn2(bpy)(btec) can be straightforwardly synthesized at a large scale

under environmentally friendly conditions, and its good water/chemical stability,

thermostability, and cyclic stability highlight the promise of this molecular sieving

material for industrial C2H2 separation.

K E YWORD S
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1 | INTRODUCTION

Both acetylene (C2H2) and ethylene (C2H4) are widely used as basic chemi-

cal materials in the petrochemical industry. The production of C2H4 is from

the fractional distillation of petroleum, which usually coexists with 1%

C2H2.
1-3 In addition, carbon dioxide (CO2) appears in the production of

C2H2 by the thermal cracking process.4,5 Thus, selectively separation of

C2H2 from C2H4/C2H2 or CO2/C2H2 mixtures is important to meet the

requirement of polymer-grade C2H4 and high-purity C2H2 in petrochemical

industrials.6,7 However, considering the small difference of molecular

dimension of C2H2 (3.3 Å × 3.3 Å × 5.7 Å), C2H4 (3.3 Å × 4.2 Å × 4.8 Å)

and CO2 (3.2 Å × 3.3 Å × 5.4 Å), as well as their similar physical properties,

it is a very challenging to separate C2H2 from C2H4 or CO2.
8,9 Although the

cryogenic distillation for C2H2 separation is a very mature operation, it

requires huge capital and energy input primarily due to the requirement of

low temperature operation.10-12 It is necessary to develop a more efficient

separation process such as porous materials based adsorptive separation

with relatively low energy consumption and favorable regeneration.13,14

Porous materials, such as zeolites, metal–organic frameworks

(MOFs) and covalent-organic frameworks (COFs), with porous
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structures, huge specific surface area, and designable frameworks

have received extensive attention in recent years,15-17 as they present

great potential to revolutionize some industrial applications, especially

in separation, purification, and the storage of gases.18-20 An ideal

adsorbent for C2H2 separation is expected to be chemically stable, be

able to capture trace C2H2 from C2H4 or other feed gas mixtures, and

be able to regenerate easily. In recent years, a number of porous

materials have been reported for C2H2/C2H4 separation through a

synergistic approach of pore tuning and functionalization.21,22 In

2016, Xing's group14 reported the anion-pillared hybrid porous mate-

rials SIFSIX-2-Cu-i, with the specific binding sites and suitable pore

space to effectively overcome the trade-off effect for C2H2 separa-

tion. In 2017, the first case of an ideal molecular sieve for C2H2/C2H4

was found called SIFSIX-14-Cu-i (UTSA-200),23 which with the

ultrafine tuning of its pore size (3.4 Å), can not only effectively block

C2H4 but also adsorb high amounts of C2H2, thus setting up the

benchmarks for both C2H2 adsorption and C2H2/C2H4 separation.

However, UTSA-200 can also take up a large amount of CO2 or C3H4

at the same conditions,24,25 which significantly restricts its separation

performance for C2H2/CO2 and other multicomponent gases

mixtures.

Traditional research on porous materials for gas separation mainly

focused on those porous structures in the one-dimensional channel

(Figure 1a) or cage type pore (Figure 1b). During our exploration of

porous materials for C2H2 separation, we realized that one unique

class of porous MOFs, which have interlayer pore cavities

(Figure 1c)26,27 in their layered structures, had been overlooked. Com-

pared to the traditional pore types, this kind of pore cavity has a nar-

row pore space, may exhibit multiple host-guest interactions with gas

molecules, and thus could be utilized for selective separation of some

specific gas component.

Herein, we report an ultramicroporous MOF (Zn2(bpy)(btec))
28,29

that incorporates two-dimensional interlayer cavities, which enabled

the full entrance of C2H2 and effectively blocked the C2H4 and CO2,

thus exhibiting the benchmark C2H2/C2H4 and C2H2/CO2 uptake

ratios. According to the breakthrough experiments, C2H2 can be

directly removed from C2H2/C2H4 (1/99, vol/vol) or C2H2/CO2

(50/50, vol/vol) mixtures and high-purity C2H4 (>99.999%), CO2

(>99.999%), and C2H2 (>98%) can be obtained in the single separation

process. More importantly, Zn2(bpy)(btec) can be straightforwardly

synthesized at the kilogram scale under room temperature in an

aqueous solution. Its good chemical stability, water stability, thermal

stability, and cyclic stability are well satisfied requirements of indus-

trial application.

2 | EXPERIMENTAL

2.1 | Synthesis of [Zn2(bpy)(btec)(H2O)2]�2H2O

2.1.1 | Hydrothermal synthesis

The synthesis of the crystal sample was performed following a

reported method with minor modifications.28 0.1097 g (0.6 mmol)

zinc acetate, 0.1091 g (0.5 mmol) pyromellitic dianhydride, 0.0781 g

(0.5 mmol) 4,40-bipyridine and 10 ml deionized water were well mixed

in a 25 ml teflon-lined autoclave. Crystallization was carried out at

180�C for 5 days. Then the autoclaves are cooled to room tempera-

ture. The crystals were filtered off, washed with hot water/ethanol

mixture (1:1) for three times, then dried in air (yield: 0.1306 g, 76.1%

based on zinc acetate).

2.1.2 | Rapid room temperature synthesis

0.1527 g (0.7 mmol) pyromellitic dianhydride, 0.1093 g (0.7 mmol)

4,40-bipyridine and 5 ml deionized water were mixed in a 20 ml sealed

vial with stirring at ambient temperature for 10 min, then 200 μl

NH3�H2O (25%) was added into the vial. After the above mixture was

thoroughly mixed, a 5 ml aqueous solution of 0.2569 g (1.4 mmol)

Zinc acetate was added with stirring for 10 min. Then the products

were filtered off, washed with hot water/ethanol mixture (1:1) three

times, then dried in air (yield: 0.3288 g, 82.1% based on 4,40-

bipyridine).

2.1.3 | Large-scale synthesis

Synthesis at the 1,000-times scale was carried out as follows. White

powder sample was obtained by mixing an aqueous solution (0.65 L)

of zinc acetate (Zn[Ac]2, 1.64 mol, 0.3 kg) with an aqueous solution

(1.10 L) of pyromellitic dianhydride (0.7 mol, 0.1528 kg), 4,40-

F IGURE 1 Schematic illustration of the
representative porous structures in metal–
organic frameworks (MOFs): (a) One-
dimensional channel, (b) cage type pore,
and (c) interlayer cavity [Color figure can
be viewed at wileyonlinelibrary.com]
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bipyridine (0.7 mol, 0.1094 kg) and 4 ml NH3�H2O (25%). The crystalli-

zation was finished at ambient temperature after stirring for 30 min,

the sample was filtered, washed thoroughly with water/ethanol and

dried under air, with a yield of 0.3236 kg (80.9% based on 4,40-

bipyridine).

2.2 | Characterization

The crystallinity and phase purity of the materials were measured by

powder X-ray diffraction (PXRD) on a Bruker D8 ADVANCE X-ray dif-

fractometer with Cu-Kα (λ = 1.5418 Å) radiation operated at 40 kV

and 40 mA. Scanning was performed over the 2θ range of 5�–50� at

4�/min. Scanning electron microscopy (SEM) images were obtained

using a Hitachi SEM (SU8010, Hitachi, Japan) equipped with a Horiba

X-Max 50 EDX system. The thermogravimetric analysis (TGA) of the

samples was collected on a thermal analyzer (NETZSCH, STA 449 F5)

at a heating rate of 5�C/min under air atmosphere. CO2 adsorption/

desorption isotherms were obtained using an ASAP 2460 Surface

Area and Porosity Analyzer at 273 K.

2.3 | Adsorption experiment

The purities of the acetylene, ethylene and carbon dioxide were

higher than 99.99%. Their adsorption isotherms were collected with

an Intelligent Gravimetric Analyser (IGA 001, Hiden, United Kingdom).

Samples were activated under vacuum at 150�C overnight or until no

further weight loss was observed. Adsorption equilibrium data was

collected once a stable pressure (more than 20 adsorption points were

recorded from 0 to 1 bar) and weight was maintained for at least

40 min to reach an adsorption equilibrium at each point along the

isotherm.

2.4 | Breakthrough tests

The breakthrough experiments for C2H2/C2H4 (1/99, vol/vol) mix-

tures were carried out at a flow rate of 1.25 ml/min (298 K, 1.01 bar).

In the separation experiment, Zn2(bpy)(btec) sample (3.0575 g) was

packed into Φ 4 × 275 mm stainless steel column, and the column

was activated under reduced pressure at 150�C overnight. The experi-

mental set-up consisted of two fixed-bed stainless steel reactors. One

reactor was loaded with the adsorbent, while the other reactor was

used as a blank control group to stabilize the gas flow. The horizontal

reactors were placed in a temperature-controlled environment,

maintained at 298 K. The flow rates of all gas mixtures were regulated

by mass flow controllers, and the effluent gas stream from the column

was monitored by gas chromatography. Prior to the breakthrough

experiment, we activated the sample by flushing the adsorption bed

with helium gas for 2 hr at 150�C. Subsequently, the column was

allowed to equilibrate at the measurement rate before we switched

the gas flow.

3 | RESULTS AND DISCUSSION

3.1 | Structure characterization

The synthesized [Zn2(bpy)(btec)(H2O)2]�2H2O has a two-dimensional

structure, each layer is formed by Zn coordinated with bpy and btec,

and H2O molecules between layers provide multiple hydrogen bond-

ing sites to connect the two layers.28 In this work, we investigated the

rapid synthesis and large-scale synthesis processes of these materials,

the PXRD patterns of these samples were matched well with the sim-

ulated one, and the SEM images show that the samples have relatively

high crystallinity (Figures S1 and S2). After guest removal, Zn2(bpy)

(btec) still shows porosity with the pore cavities of

3.6 Å × 3.8 Å × 6.6 Å (Figure 2). These cavities match well with the

size and shape of C2H2 (3.3 Å × 3.3 Å × 5.7 Å), suggesting a potential

application for C2H2 separation.

The porosity in Zn2(bpy)(btec) was established by CO2 sorption at

273 K. As shown in Figure S3, the CO2 adsorption isotherms slowly

increase with increasing pressure. By using the Dubinin–Radushkevich

equation, the surface area of Zn2(bpy)(btec) was calculated to be

397 m2/g, and its pore-size is around 3.6 Å (Figure S3). The pore cav-

ity between two layers is about 3.6 Å × 3.8 Å × 6.6 Å, which is slightly

larger than the size of C2H2, CO2 and smaller than C2H4, thus could

be used for C2H2/C2H4 and C2H2/CO2 separation.

3.2 | Single-gas sorption isotherm

Pure component equilibrium adsorption isotherms for C2H2, C2H4 and

CO2 were measured at 298 K up to 1 bar, as presented in Figure 3a.

The C2H2 uptake on Zn2(bpy)(btec) reached 93.5 cm3/cm3 at 298 K

and 1 bar, significantly higher than that of C2H4 and CO2 at the same

conditions. Notably, through size sieving by the appropriate aperture,

Zn2(bpy)(btec) presents the C2H2 uptake of 93.5 cm3/cm3, very low

C2H4 uptake of 9.1 cm3/cm3 and low CO2 uptake of 28.9 cm3/cm3

(298 K and 1 bar), giving an excellent uptake ratio of C2H2 over C2H4

(10.31) and CO2 (3.23), which are the highest values among the indi-

cated MOFs (Tables S2 and S3).

To compare the separation properties of Zn2(bpy)(btec) with

other top-performing MOFs, its ideal adsorbed solution theory (IAST)

selectivity of C2H2 over C2H4 and CO2 were calculated on their

single-component isotherms (Figure 3a). The gas mixtures were

selected as C2H2/C2H4 (1:99, vol/vol) and C2H2/CO2 (50:50, vol/vol)

at a total gas pressure of 1 bar and 298 K, to mimic the composition

of the industrial purification process. As seen in Figure 3b,c, Zn2(bpy)

(btec) exhibits an extraordinarily high selectivity of over 107.8 for the

C2H2/C2H4 mixture and 33.3 for the C2H2/CO2 mixture, notably

higher than the previous benchmark SIFSIX-2-Cu-i (44.54),14 M0MOF-

3a (24.03),30 CPL-1 (26.8)31 and ELM-12 (14.8)32 for C2H2/C2H4 sep-

aration, and FeNi-M'MOF (24)33 HOF-3a (21),34 UTSA-74 (9),35

TIFSIX-2-Cu-i (6.5)36 and for C2H2/CO2 separation.

In industrial applications, energy cost in the regeneration process

is also an unavoidable problem and should be taken into

CHEN ET AL. 3 of 9



F IGURE 2 (a–c) The crystal
structures of Zn2(bpy)(btec).
(d) The channel shapes and pore
cavity size of Zn2(bpy)(btec).
(e) Comparison of molecular size
difference of C2H2, C2H4,C2H6

and CO2(Color code: Zn, green;
O, red; N, light blue; C, gray)
[Color figure can be viewed at

wileyonlinelibrary.com]

F IGURE 3 (a) Single-component sorption isotherms of C2H2, C2H4, and CO2 at 298 K for Zn2(bpy)(btec). (b, c) Ideal adsorbed solution theory
(IAST) selectivities of C2H2/C2H4 (1/99) and C2H2/CO2 (50/50) mixtures on some benchmark materials. (d) Adsorption isotherms of C2H2 for
Zn2(bpy)(btec) at 288–308 K. (e) C2H4 and CO2 uptakes of different metal–organic framework (MOF) materials at 1 bar and 298 K. (f)
Comparison of C2H2/C2H4 (1/99) and C2H2/CO2 (50/50) IAST selectivities and C2H2 C2H4 CO2 uptake ratios of different adsorbents at 1 bar
and 298 K [Color figure can be viewed at wileyonlinelibrary.com]
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consideration. The interactions between the adsorbents and C2H2 are

evaluated by calculating the isosteric heats of adsorption (Qst), which

is measured from the single component isotherms at different temper-

atures (Figure 3d). The calculated Qst of Zn2(bpy)(btec) at zero cover-

age for C2H2, C2H4, and CO2 are 28.7, 26.3, and 24.8 kJ/mol

(Figure S4), respectively, which is much lower than those values

reported in other MOFs with open metal sites such as MOF-74

series (47 kJ/mol (C2H2) for Fe-MOF-74).12 Thus, the molecular

sieving based adsorption not only avoided excessive temperature

fluctuations during the adsorption process but also decreased the

cost and energy requirement in the regeneration process, which

indicates advantages of Zn2(bpy)(btec) in real industrial applica-

tions. In addition, comparing with other top-performing materials

(Tables S2 and S3), Zn2(bpy)(btec) exhibits the lowest total C2H4

and CO2 loading in normal conditions (Figure 3e), and less co-

adsorption will lead to a higher C2H2 purity in the generation pro-

cess. Besides, this material exhibits the highest C2H2/C2H4 uptake

ratio (10.31) and C2H2/CO2 uptake ratio (3.23), as well as extraor-

dinarily high selectivity (107.8, 33.3) (Figure 3f), which makes it one

of the most promising materials for the efficient C2H2 separation

from C2H4 or CO2 mixtures.

3.3 | Breakthrough separation

Furthermore, we performed actual breakthrough experiments on

Zn2(bpy)(btec) to establish the feasibility of C2H2/C2H4 and C2H2/

CO2 separations, in which C2H2/C2H4 (vol/vol, 1/99) and C2H2/CO2

(vol/vol, 50/50) mixtures were used as feeds to mimic the industrial

process conditions (Figures 4 and S6). As shown in Figure 4a,c, only

after several minutes, C2H4 or CO2 first eluted through the bed to

yield a polymer-grade gas and the purity of C2H4 monitored at the

outlet was >99.999%. Then, after a long period of time (130 min for

C2H2/C2H4, 50 min for C2H2/CO2), C2H2 broke through from the

adsorption bed. During this process, C2H2 was clearly captured by

Zn2(bpy)(btec), with the concentration of the impurities decreased

to lower than 1 ppm for C2H4 and 10 ppm for CO2. Polymer-grade

C2H4 and high purity of CO2 were directly collected at the outlet.

From the desorption curves in Figure 4b,d, it can be found that

adsorbates were fully desorbed from the materials in 20 min. Due

to the high C2H2/C2H4 and C2H2/CO2 uptake ratios and selectiv-

ities, a high purity of C2H2 over 98.5% (b) or 92.5% (d) were gener-

ated, respectively.

The kinetic ad/desorption rate of C2H2 was also investigated in

Figures S8 and S9, showing that Zn2(bpy)(btec) has a high kinetic

ad/desorption rate, and therefore that C2H2 can be saturated or fully

desorbed in about 10 min. In addition, the desorption and recycling

measurements revealed that this material can maintain its C2H2 cap-

ture ability and high selectivity in several repeated adsorption and

separation cycles (Figures 4b,d and S7). The breakthrough time

remains almost unchanged during five cyclic breakthrough experi-

ments, confirming the good recyclability of this material for the C2H2/

C2H4 and C2H2/CO2 separation.

Generally, in the real production process, the feed gas also con-

tains some other components, which is a tremendous challenge in the

recovery of C2H2 from such refinery gas. Therefore, we investigated

the single-component adsorption isotherms of some main compo-

nents of refinery gas (CH4, C2H2, C2H4, C2H6, C3H4, C3H6 and C3H8)

and common gas components (CO2, H2, N2 and O2) as seen in

Figure 5a,b. Based on the well-matched pore cavity of Zn2(bpy)(btec),

F IGURE 4 Experimental
breakthrough (298 K, 1 bar) and
desorption (333 K, 1 bar) curves
for C2H2/C2H4 (1/99) (a, b) and
C2H2/CO2 (50/50) (c, d) mixtures
on Zn2(bpy)(btec) [Color figure
can be viewed at
wileyonlinelibrary.com]
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this material selectively adsorbs C2H2 and blocks most other mole-

cules to achieve an admirable sieving effect. The uptakes of most

of the gases were below 10 cm3/cm3 at 1 bar and 298 K. Further-

more, the gas mixtures separation process was carried out on this

molecular sieve material for the recovery of C2H2 from the simu-

lated steam cracking mixtures. As can be seen from the break-

through curves (Figure 5c), most of the mixture gases eluted

through the fixed bed quickly and a trace amount of C2H2 was

totally adsorbed during the long retention time. The calculated

C2H2/C2H4 and C2H2/CO2 separation selectivities from the multi-

component breakthrough curve were 9.7 and 5.1,37 which indi-

cated the good C2H2 separation abilities of Zn2(bpy)(btec) under

dynamic conditions. In the generation process (Figure 5d), the

adsorbent was fully desorbed in 20 min and obtained high purity

C2H2 (>98%). The multi-component separation and desorption tests

show strong evidence of the efficient C2H2 separation ability of

Zn2(bpy)(btec) materials, which has initiated the promise of MOF

materials for this very important industrial application.

3.4 | Grand canonical Monte Carlo simulations

To have a better insight into the excellent C2H2 separation ability of

Zn2(bpy)(btec), grand canonical Monte Carlo (GCMC) simulations were

performed to structurally elucidate how C2H2 molecules are adsorbed

in this MOF.35,38,39 The calculated binding sites of C2H2 are shown in

Figure 6. The C2H2 molecules are preferentially located in the pore

cavities between the layers of Zn2(bpy)(btec). The C H���O hydrogen

bonds of each C2H2 molecule interacts with two oxygen molecule

with a distance of 2.2–2.33 Å, which are much shorter than the sum

of the van der Waals radii of oxygen (1.52 Å) and hydrogen (1.20 Å)

atoms, indicating a relatively strong interaction.

3.5 | Scalable synthesis and stability

In order to promote the industrialization of MOFs materials, it is the

general trend to produce stable MOF materials at low costs and with

F IGURE 5 (a, b) Single-
component adsorption isotherms
of CH4, C2H2, C2H4, C2H6, C3H4,
C3H6, C3H8, CO2, H2, O2, and N2

in Zn2(bpy)(btec) at 298 K. (c, d)
Multi-component breakthrough
(298 K, 1 bar) and desorption
(333 K, 1 bar) curves for CH4/
C2H2/C2H4/C2H6/C3H6/C3H8/

CO2/H2

(30/1/10/25/10/10/1/13)
mixtures on Zn2(bpy)(btec) [Color
figure can be viewed at
wileyonlinelibrary.com]

F IGURE 6 Calculated C2H2 molecule
binding sites in Zn2(bpy)(btec) by grand
canonical Monte Carlo (GCMC) simulation.
Color code: Zn (green), O (red), N (light blue),
C (gray), and C2H2 (blue) [Color figure can be
viewed at wileyonlinelibrary.com]
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simple operation processes. Therefore, a water-based and scalable

synthesis was developed at room temperature for the large-scale

preparation of [Zn2(bpy)(btec)(H2O)2]�2H2O. As shown in Figure 7a,

only by mixing the metal salt and the ligands in aqueous solution and

stirring for 30 min, then filtering and drying, can we obtain more than

320 g of product at room temperature. TGA and differential scanning

calorimetry (DSC) were tested on [Zn2(bpy)(btec)(H2O)2]�2H2O to

explore its thermal stabilities (Figure 7b). Below 150�C, the initial

weight loss of �14% was accounted for by the loss of water mole-

cules, and then Zn2(bpy)(btec) can stabilize up to about 410�C before

its decomposition.

Besides, the adsorbents require relatively high thermostability

to keep a long operation lifetime, the real C2H2-relevant separation

tasks are typically implemented under more extreme conditions,

typically containing a trace amount of water and acidic gases.40

Herein, the structural stability of Zn2(bpy)(btec) was examined in

detail. As depicted in Figure 7c,d, the PXRD patterns of those

materials treated under extreme conditions (acid, base, or boiling

water) coincide with those of pristine samples, which indicates that

its structure has no framework collapse and still retains its crystal-

linity. After such treatment, its C2H2 adsorption is largely

maintained, comparable to the initial value (Figures S10 and S11),

which demonstrated that this material is very stable in the acidic/

basic solutions (pH = 1–13), even in the water up to 120�C. The

water and thermal stability of Zn2(bpy)(btec) has been superior to

most C2H2-separated MOFs (Figure 7e). Its exceptionally high sta-

bility is due to its dense structure forming by the strong multiple

hydrogen bonding interactions and offset π-π stacking interactions

(Figure S12).

4 | CONCLUSION

In summary, we have identified an abnormally layered MOF (Zn2(bpy)

(btec)) for the highly efficient separation of C2H2 from C2H4 and CO2

mixtures. The interlayer pores cavity can exactly adsorb C2H2 and

block C2H4 or the other C1 C3 hydrocarbons, resulting in by far both

the highest C2H2/C2H4 and C2H2/CO2 uptake ratios (10.31, 3.23) and

superior IAST selectivities (107.8, 33.3) among the rigid MOFs.

Through size sieving by the appropriate aperture, this MOF achieves

efficient separation of C2H2/C2H4 (1/99, vol/vol), C2H2/CO2 (50/50,

vol/vol) and simulated steam cracking mixtures, finally obtaining a

polymer grade of C2H4 (99.999%) and a high purity of C2H2 (98%).

Furthermore, the synthesis of this material is easily scale-up at an

environmentally friendly condition and its structure can be maintained

in solutions with a wide range of pH (1–13) as well as in the boiling

(373 K) water. These desirable properties of Zn2(bpy)(btec) demon-

strated that this new MOF material is a promising adsorbent, which

has great potential to be used for the practical C2H2 production

process.

F IGURE 7 (a) Scale-up synthesis of [Zn2(bpy)(btec)(H2O)2]�2H2O. (b) Thermogravimetric and differential scanning calorimetry (DSC) curves
for as-synthesized [Zn2(bpy)(btec)(H2O)2]�2H2O. (c, d) Powder X-ray diffraction (PXRD) patterns of [Zn2(bpy)(btec)(H2O)2]�2H2O after different
treatment. (e) Comparison of the heat and water stability of some benchmark metal–organic framework (MOF) materials [Color figure can be
viewed at wileyonlinelibrary.com]
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1. Materials and stability test  

 

1.1 Materials 

All the reagents were used without further purification. Zinc acetate (Zn(AC)2, 

99.0%), Pyromellitic dianhydride (btec, 99.0%) and 4,4'-Bipyridine (bpy, 98.0%) were 

purchased from Aladdin Reagent Co. Ltd. Ammonia solution (NH3•H2O, 25%) and 

ethanol was obtained from Sinopharm Group Chemical Reagent Co., Ltd. The 

deionized water was purified by using a Millipore Elix Advantage 3 purification system. 

1.2 Stability test and comparison 

The chemical stability of Zn2(bpy)(btec) is investigated as follows: Zn2(bpy)(btec) 

powder sample was immersed in water, HCl (pH = 1 to 3) and NaOH (pH = 7 to 13) 

solutions for 6 h, respectively. After that, samples were washed with water and dried in 

air. Water stability of samples was investigated using liquid water (298 K for 6 months, 

373 K for 7 days) and water vapor (393 K for 2 hours) under different conditions. 

Thermal stability test was conducted at 493 K for 2 hours, then cool naturally in the air.  

The PXRD patterns of Zn2(bpy)(btec) treated under different conditions were 

coincide with the pristine samples (Figure 7c, d), which indicate that Zn2(bpy)(btec) 

has no framework collapse and still retains its crystallinity. 

The water stability sequence is based on the test results of water stability and acid-

base stability in aqueous solutions reported in the literatures. The thermal stability 

sequence is based on the thermal stability test of the reported materials and their 

thermogravimetric data (Fig. 7e, Table S2, and S3). 

 

2. Calculation details 

2.1 Fitting of experimental data on pure component isotherms 
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The isotherm data for C2H2, C2H4, and CO2 in Zn2(bpy)(btec) were measured at 298 

K. The data were fitted with the 1-site Langmuir-Freundlich model 

 
1sat

bp
q q

bp






 (1) 

The corresponding fitting parameters are provided in Table S1.  

2.2 Calculations of selectivities  

The selectivity of binary 1/99 C2H2/C2H4, and 50/50 C2H2/CO2 mixtures in 

Zn2(bpy)(btec) at 298 K were calculated by IAST method. Adsorption selectivity is 

defined by  

21

21

pp

qq
Sads                                                          (2) 

Where q1 and q2 are the absolute component loadings of the adsorbed phase in the 

mixture, and p1 and p2 are the component partial pressures. The component loadings 

and adsorption selectivity Sads for 1/99 C2H2/C2H4 and 50/50 C2H2/CO2 mixtures in 

Zn2(bpy)(btec) at 298 K were determined using IAST. 

The separation selectivity from multi-component breakthrough curve is reflected in 

the selectivity of mixed gases during dynamic adsorption, defined as 

22

11

cn

cn
Ssep                                                        (3) 

 Where n1 and n2 are captured amount of gas component during the breakthrough 

process in Zn2(bpy)(btec).[1] C1 and C2 are the concentration of gas component in mixed 

gases. 

2.3 Isosteric heat of adsorption 

The binding energy of C2H2 in the MOFs is reflected in isosteric heat of adsorption, 

Qst, defined as 
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
ln2

                                                       (4) 

The calculations are based on the use of the Clausius-Clapeyron equation. The values 

for Zn2(bpy)(btec) are determined by the adsorption data measured from 0~1 bar at 288, 

298 and 308 K, respectively. 

2.4 Kinetic adsorption rate 

Diffusional time constants (D’, D/r2) were calculated by the short-time solution of 

the diffusion equation assuming a step change in the gas-phase concentration, clean 

beds initially, and micropore diffusion control: 

2

6tq D t

q r


 

π
                                                       (5) 

Where qt is the gas uptake at time t, q∞ is the gas uptake at equilibrium, D is the 

diffusivity and r is the radius of the equivalent spherical particle. The slopes of qt/q∞ 

versus √t are derived from the fitting of the plots in the low gas uptake range. 

2.5 GCMC simulations 

Grand canonical Monte Carlo (GCMC) simulations were performed to study the 

C2H2 adsorption on Zn2(bpy)(btec) at 298 K and 1 bar. In this work, the adsorption sites 

of Zn2(bpy)(btec) were estimated using a literature procedure.[2,3] The Zn2(bpy)(btec) 

is treated as rigid with atoms frozen at their crystallographic positions during GCMC 

simulations. The GCMC calculations were performed using the Sorption code in 

Materials Studio. Simulation module was on the basis of the force field of COMPASS. 

A simulation box containing 8 (2 × 2 × 2) unit cells was built in this work. A cutoff 

radius was set to 12 Å for the Lennard−Jones interactions. For each state point, the 

GCMC simulation consists of 1.0 × 107 steps to guarantee the equilibration. 

 

  



S6 
 

3. PXRD and Morphology characterization of samples 

 

 

Figure S1. Powder X-ray diffraction (PXRD) patterns of synthesized 

Zn2(bpy)(btec)(H2O)2 by different methods compared with simulated patterns. 

 

 

 

Figure S2. The SEM images of [Zn2(bpy)(btec)(H2O)2]ꞏ2H2O synthesis by (a) 

hydrothermal synthesis and (b) room temperature synthesis. 
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4. Adsorption and pore characterization 

   

Figure S3. CO2 sorption isotherms (273 K) and N2 sorption isotherms (77 K) of 

Zn2(bpy)(btec) by an ASAP 2020 Surface Area and Porosity Analyzer.  

 

Figure S4. (a, b, c) Isosteric heats of C2H2, C2H4, and CO2 adsorption in Zn2(bpy)(btec) 

calculated by using the Clausius-Clapeyron equation. (d) C2H4 and CO2 adsorption 

isotherms of Zn2(bpy)(btec) at 273 K and 298 K. 
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5. Fitting of pure component isotherms 

   

 

 

 

 

Figure S5. C2H2, C2H4 and CO2 adsorption isotherms at 298 K in Zn2(bpy)(btec) with 

the 1-site Langmuir-Freundlich model fits. 
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6. Breakthrough experiment and cyclic test 

 

Figure S6. Breakthrough experiment apparatus. 

 

Figure S7. Cyclic breakthrough experiments for (a) C2H2/C2H4 (1/99, v/v) and (b) 

C2H2/CO2 (50/50, v/v) on Zn2(bpy)(btec) at 298 K and 1 bar, indicating Zn2(bpy)(btec) 

maintained its separation performance at least 5 times. 
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7. Kinetic adsorption and desorption test 

 

 

Figure S8. (a) Kinetic adsorption profiles for Zn2(bpy)(btec) at 298 K (Inset: diagram 

of pressure variation of C2H2). (b) Diffusional time constant calculation details of 

Zn2(bpy)(btec) for C2H2 adsorption at 298 K, the diffusion coefficient was estimated to 

6.8 × 10−10 m2/min based on the pressure increase rate of 200 mbar/min. 

 

 

Figure S9. Kinetic desorption curves of C2H2 for Zn2(bpy)(btec) at 333 K with 

helium gas (50 mL/min). 
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8. Stability of C2H2 adsorption 

 

Figure S10. Cyclic C2H2 adsorption measurements on Zn2(bpy)(btec) at 298 K and 1 

bar, indicating that Zn2(bpy)(btec) can maintain its C2H2 uptake capacity over three 

cycles. 

 

Figure S11. C2H2 adsorption isotherms for Zn2(bpy)(btec) under different treatment at 

298 K. 
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9. Structure chart and calculate parameters 

 

 

Figure S12. (a) Multiple hydrogen bondings and (b) offset π-π stacking interactions in 

the [Zn2(bpy)(btec)(H2O)2]ꞏ2H2O. 

 

 

 

Table S1. Langmuir-Freundlich fit parameters for C2H4, C2H2, and CO2 in 
Zn2(bpy)(btec).  

 
qsat 

mol kg-1 

b0 

Pa-v 

  

dimensionless 

C2H2 2.55 8.403E-05 1 

C2H4 1 1.028E-08 1.48 

CO2 1.6 7.812E-06 1 
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10. Comparison of parameters for various MOFs 

Table S2. Summary of the adsorption uptakes, selectivity, heat of adsorption data and 

thermal stability in reported MOFs. 

 
Surface area 

(m2/g, BET) 

C2H2 uptake 

(mmol/g) 

C2H4 uptake 

(mmol/g) 
Sads† 

C2H2/C2H4 

Uptake ratio※ 

Qst
§ (C2H2 

kJ/mol) 

Decomposition 

temperature (C) 
Ref. 

UTSA-200a 612 3.65 0.63 6320 5.79 40 200 4 

UTSA-100a 970 4.27* 1.66* 10.72 2.57 22 180 5 

TIFSIX-2-Ni-i 480 4.21 2.42 22.7 1.74 40 272 6 

SIFSIX-3-Zn 250 3.64 2.24 8.82 1.625 31 175 7, 8 

SIFSIX-3-Ni 368 3.3 1.75 5.03 1.88 30.5 180 9 

SIFSIX-2-Cu-i 503 4.02 2.19 44.54 1.84 41.9 219 6, 8 

SIFSIX-2-Cu 1881 5.38 2.02 6 2.66 26.3 200 8, 10 

SIFSIX-1-Cu 1178 8.5 4.11 10.63 2.07 37 160 8, 10 

NOTT-300 1370 6.34‡ 4.28‡ 2.17 1.48 32 400 11 

M'MOF-3a 110.1 1.9* 0.4* 24.03 4.75 25 380 12 

Fe-MOF-74 1350 6.8# 6.1# 2.08 1.11 46 200 8, 13 

ELM-12 706 2.56 1 14.8 2.56 25.4 320 14, 15 

CPL-5 523& 3.01 1.84 6 1.6 31.3 214 16 

CPL-2 495& 3.13 1.86 12 1.7 30.8 216 16 

CPL-1 414& 2.07 0.31 26.8 6.7 40.2 218 16 

NUC-2 1072 2.99 0.6 8.1 4.98 39.8 400 17 

Zn2(bpy)(btec) 397& 2.3 0.223 107.8 10.31 28.7 410 this work 

Summary of the adsorption data were collected at 298 K  

* At temperature of 296 K;  

‡ At temperature of 293 K;  

# At temperature of 318 K;  

† IAST selectivity for C2H2/C2H4 mixtures containing 1% C2H2 at 1 bar;  

※ For ratios of the total uptake capacities at 1 bar; 

§ Qst values at low surface coverage;  

& Surface area calculated from CO2 isotherms.  
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Table S3. Summary of the adsorption uptakes, selectivity, heat of adsorption data and 

thermal stability in reported MOFs. 

 
Surface area 

(m2/g, BET) 

C2H2 uptake 

(mmol/g) 

CO2 uptake 

(mmol/g) 
Sads† 

C2H2/CO2 

Uptake ratio※ 

Qst
§ (C2H2 

kJ/mol) 

Decomposition 

temperature (C) 
Ref. 

HOF-3* 165& 2.1 0.94 21 2.24 20 350 18 

UTSA-68* 897 3.13 1.78 3.4 1.77 26 280 19 

UTSA-74 830 4.62 3.03 9 1.5 31 300 20 

UTSA-83 70 0.53 0.17 6.2 3.1 24.4 150 21 

UTSA-222a* 703 3.8 1.9 4 2 26 320 22 

ZJUT-2* 350& 3.4 2.2 8.6 1.55 41.5 - 23 

FJU-90a 1572 8.04 4.6 4.3 1.74 25.1 300 24 

ZJU-195a 1722 9.55 4.68 4.7 2.04 29.9 260 25 

TIFSIX-2-Ni-i 480 4.21 4.54 - 0.93 40 272 6 

TIFSIX-2-Cu-i 685 4.1 4.3 6.5# 0.95 46.3 260 9 

SIFSIX-3-Ni 223& 3.5 2.7 0.13# 1.3 36.7 210 9 

FeNi-M’MOF 383 4.29 2.72 24 1.56 27 260 26 

UPC-200(Fe)-F-

H2O 
3192 5.39 2.4 2.25 2.25 19.9 350 27 

UPC-200(Fe)-F-

BIM 
2213 6.24 2.4 2.94 2.6 20.5 350 27 

Zn2(bpy)(btec) 397 2.3 0.71 33.3 3.23 28.7 410 this work 

Summary of the adsorption data were collected at 298 K 

* At temperature of 296 K; 

& Surface area calculated from CO2 isotherms; 

† IAST selectivity for C2H2/CO2 (50:50, v/v) mixtures at 1 bar; 

# IAST selectivity for C2H2/CO2 (2:1, v/v) mixtures at 1 bar; 

※ For ratios of the total uptake capacities at 1 bar; 

§ Qst values at low surface coverage.  
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