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ABSTRACT: One-step adsorptive purification of ethylene (C2H4) from a ternary mixture of acetylene (C2H2), C2H4, ethane (C2H6) 

by a single material is of great importance but challenging in the petrochemical industry. Herein, a chemically robust olefin-linked 

covalent organic framework (COF), NKCOF-62, is designed and synthesized by melt polymerization method employing tetra-

methylpyrazine and terephthalaldehyde as cheap monomers. This method avoids most of the disadvantages of classical solvother-

mal methods, which enables the cost-effective kilogram fabrication of olefin-linked COFs in one pot. Furthermore, NKCOF-62 

shows remarkably selective adsorption of C2H2 and C2H6 over C2H4 thanks to its unique pore environments and suitable pore size. 

Breakthrough experiments demonstrate that polymer-grade C2H4 can be directly obtained from C2H2/C2H4/C2H6 (1/1/1) ternary 

mixtures through a single separation process. Notably, NKCOF-62 is the first demonstration of the potential to use COFs for 

C2H2/C2H4/C2H6 separation, which provides a blueprint for the design and construction of robust COFs for industrial gas separa-

tions. 

INTRODUCTION 

Ethylene (C2H4), an important chemical feedstock and 

industrial gas, has been widely used to produce polymers (e.g., 

plastics) and other valued products in modern life.
[1-4]

 

Currently, C2H4 is mainly produced by the thermal cracking of 

ethane (C2H6) or naphtha, with the inevitable presence of 

acetylene (C2H2) and C2H6 byproducts. Thus, separating C2H2 

and C2H6 from these mixtures is an industrial necessity to 

obtain polymer-grade C2H4 (>99.9% purity), but remains a 

significant challenge because of their very similar physical 

properties, including boiling points, quadrupole moment, and 

kinetic diameter.
[5-8]

 Recently, as an alternative separation 

technology, the utilization of porous materials as sorbents for 

C2H4 purification has attracted widespread interest due to their 

high efficiency and environmental friendliness.
[9-13] 

In this 

regard, porous crystalline adsorbents such as metal-organic 

frameworks (MOFs)
[14-16]

 and hydrogen-bonded organic 

frameworks (HOFs)
[17-20]

 have been developed for C2-gases 

mixture separation, significant progress has been devoted to 

addressing the efficient separation of C2H4 from binary 

C2H2/C2H4 and C2H6/C2H4 mixtures due to their well-defined 

structure, controllable pore size and modifiable pore 

environment. Because of the difficulty in designing and 

synthesizing materials that preferentially trap C2H2 and C2H6, 

simultaneous removal of both C2H2 and C2H6 from ternary 

C2H2/C2H6/C2H4 mixtures in a one-step process is still under-

explored. Besides, the reported MOF and HOF adsorbents 

generally suffer from poor chemical stability, high cost and 

unscalable products, which hamper their practical applications. 

Thus, developing inexpensive and chemically robust 

adsorbents with excellent C2-gases mixture separation 

properties is urgently needed for the industrial purification of 

C2H4.  

Covalent organic frameworks (COFs) are an emerging class 

of organic porous crystalline materials based on light elements 

interconnected through covalent bonds.
[21-25]

 Attributed to their 

predictable structures, high porosity, tunable pore sizes and 

high chemical stability, COFs have shown unique properties 

and great potential in gas storage and separation applica-

tions.
[26-30]

 Many experiments have been devoted to purity 

C2H4 from C2-gases mixtures. In 2018, Zhu and co-workers 

used imide-linked COFs (PAF-110) to purity C2H4 from bina-

ry C2H2/C2H4 mixtures.
[31] 

Recently, our group reported that 

three-dimensional (3D) COFs with bcu topology could effi-

ciently remove C2H6 from binary C2H2/C2H4 mixtures to pro-

duce polymer-grade C2H4. (Figure 1).
[32]  

To the best of our 

knowledge, COFs that can simultaneously and selectively 

remove both C2H2 and C2H6 from ternary C2H2/C2H6/C2H4 

mixtures in a one-step process have not been reported, which 
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is in high industrial demand. The physical adsorption of C2H2, 

C2H4 and C2H6 by COFs generally suffer poor C2H2/C2H4 or 

C2H6/C2H4 selectivity. These inherent contradictions make the 

design of a single COF to achieve C2H4 purification in one 

step from C2H2/C2H4/C2H6 ternary mixture a formidable chal-

lenge. Compared with reversible-linkage COFs (e.g., 

imine),
[33-36]

 olefin-linked COFs with nearly irreversible C=C 

linkage,
[37-44]

 as a rising star, is one of the promising candi-

dates for gas separations at an industrial scale owing to their 

superb chemical stability, scalable synthesis and low produc-

tion cost.
[45]

 Significantly, recent investigations also demon-

strate that the melt polymerization method without adding 

organic solvent, pioneered by our group, can access a wide 

range of COFs, and enables the large-scale and low-cost fabri-

cation of olefin-linked COFs,
[46]

 hence making olefin-linked 

COFs promising candidates to solve the formidable challenge 

of C2H2/C2H4/C2H6 separation. 

 

Figure 1. The brief development of one-step purification of C2H4 

based on C2H2- or C2H6-selective COFs. 

To address the above challenges, we discovered a new 

commercially available D2h-symmetric monomer (tetra-

methylpyrazine), which has been widely used as an intermedi-

ate in flavoring agents, fragrances, pharmaceuticals and pesti-

cides, showing great industrial application potential due to its 

extremely low cost (<$90/kg). Herein, we constructed a new 

olefin-linked COF (denoted as NKCOF-62, NKCOF = Nankai 

covalent organic framework) with orthorhombic reticular to-

pology from two cheap building blocks, tetramethylpyrazine 

(TMPZ) and terephthalaldehyde (TPA) ($30/kg) through melt 

polymerization method. Notably, the melt polymerization 

strategy avoids using organic solvents and high operation 

pressure, making COFs easily scaled up to the hectogram lev-

el. Attributed to its relatively small pore size and unique pore 

environments, NKCOF-62 can preferentially trap C2H2 and 

C2H6 over C2H4, leading to both high adsorption selectivities 

for C2H2/C2H4 and C2H6/C2H4. Breakthrough experiments 

indicated that the polymer-grade C2H4 can be obtained not 

only from binary C2H2/C2H4 and C2H6/C2H4, but also from 

ternary C2H2/C2H4/C2H6. 

RESULTS AND DISCUSSION 

We aimed to fabricate an olefin-linked COF by using com-

mercially available tetramethylpyrazine, which can undergo a 

facile condensation reaction with terephthalaldehyde in the 

presence of benzoic anhydride and benzoic acid as modulator 

agents through the melt polymerization method (Figure 1b). 

To confirm the feasibility of this method, the model molecule 

2,3,5,6-tetra((E)-styryl)pyrazine was successfully synthesized 

by the condensation reaction of tetramethylpyrazine and ben-

zaldehyde catalyzed by benzoic anhydride (Figure 1a, S1, S2 

and Table S1). Subsequently, we screened the melt polymeri-

zation and solvothermal synthetic conditions, including the 

amount of benzoic acid and benzoic anhydride, reaction sol-

vent, reaction temperature and time, to fabricate a highly crys-

talline COF (Figure S3-S10 and Table S2-S3). As we envi-

sioned, TMPZ, TPA, benzoic acid and benzoic anhydride in a 

molar ratio of 1:2:4:4 were sealed in a glass tube and heated at 

180℃ for 5 days, leading to the generation of NKCOF-62 

(Figure S11). The formed COF monolith was washed with 

methanol and then dried at 80°C to obtain the purified 

NKCOF-62 with a yield of ~75%.  

The crystalline structure of NKCOF-62 was resolved by 

powder X-ray diffraction (PXRD) measurements and compu-

tational simulation. DFT‐based geometry optimizations were 

performed with the CP2K software package.
[47]

 The CP2K 

input file in this work was generated with the help of the Mul-

tiwfn program.
[48] 

As shown in Figure 1c, the existence of high 

diffraction peaks in the PXRD pattern indicated that NKCOF-

62 had a long-range ordered structure and crystalline nature, 

and three main diffraction peaks at 6.64°, 13.49° and 24.88° 

were assigned to (110), (220) and (001) crystal facets, respec-

tively. Pawley refinements were performed with the data from 

the experimental PXRD pattern to yield orthorhombic unit cell 

parameters of a=18.65 Å, b=18.71 Å, c=3.45 Å, α = γ = β = 90° 

(residuals Rp = 0.81%, Rwp = 1.07%). Eclipsed (AA) stacking 

mode was constructed with the above unit cell parameter to 

generate corresponding diffraction patterns for comparison 

with experimental data, which agreed well with the simulated 

AA stacking model. Notably, similar PXRD patterns are 

common in olefin-linked COFs due to their irreversible C=C 

bond nature.
[40, 49-52] 

 

Figure 2. a) Synthesis of the model molecule and its single-

crystal structure. b) Structure and synthesis of NKCOF-62. c) 

PXRD patterns of NKCOF-62, top and side views of the corre-

sponding refined eclipsed AA stacking structure of NKCOF-62.
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Various characterization approaches were employed to con-

firm the chemical component and structure of NKCOF-62. 

Fourier transform infrared spectra (FT-IR) showed a new 

characteristic absorbance at 962 and 1626 cm
-1

, confirming the 

formation of the C=C bonds. The stretching vibration peak for 

methyl C-H of TMP monomer around 3000 cm
-1

 disappeared, 

and the stretching vibration peak for C=O of DFB monomer 

attenuated in the NKCOF-62, indicating their high polymeri-

zation degrees (Figure 3a). Comparing the 
13

C solid-state nu-

clear magnetic resonance (NMR) spectrum of NKCOF-62 

with the liquid 
13

C NMR spectra of the model compound indi-

cated that these signals well matched the corresponding carbon 

atoms. The carbonyl signals at around 123 and 136 ppm were 

typically arising from the olefin (C=C) carbon (Figure 3b), 

which further confirmed the formation of the olefin-linked 

COF. Scanning electron microscopy (SEM) image exhibited 

that NKCOF-62 was irregular morphology of the stacked 

blocks in the micro level. (Figure S12). High-resolution 

transmission electron microscopy images (HR-TEM, Talos 

F200X G2) of NKCOF-62 revealed the significant crystal 

lattice, and the lattice fringe spacing was about 0.34 nm, 

which corresponded to the (001) facet (Figure 3c). Thermo-

gravimetric analysis (TGA) showed excellent thermal stability 

of NKCOF-62 (Figure S13), and there was no obvious weight 

loss up to 400 ℃ under N2 atmosphere. In addition, the high 

chemical stability of NKCOF-62 was further investigated un-

der different conditions, including boiling water, sodium hy-

droxide (NaOH, 10 M), and hydrochloric acid (HCl, 12 M). 

After soaking in the above solutions for 7 days, the crystallini-

ty and skeletal structures were almost unchanged, as verified 

by FT-IR and PXRD (Figure S14 and S15), indicating the 

ultrahigh stability of NKCOF-62. 

 

Figure 3. a) FT-IR spectra of NKCOF-62, corresponding mono-

mers and model molecule. b) Liquid 13C NMR spectra of the 

model molecule and 13C solid-state NMR spectra of NKCOF-62. 

c) HR-TEM image of NKCOF-62. d) Nitrogen adsorption and 

desorption isotherms of NKCOF-62. Inset is the pore size distri-

bution. 

N2 adsorption isotherm was conducted at 77 K to evaluate 

the permanent porosity of NKCOF-62. As shown in Figure 3d, 

NKCOF-62 showed a type I sorption isotherm, confirming its 

microporous structure. The Brunauer–Emmett–Teller (BET) 

surface area was calculated to be 654 m
2
/g, and the total pore 

volume was 0.59 cm
3
/g. Nonlinear density functional theory 

(NLDFT) cylindrical pore model-based pore size distribution 

analysis revealed a prominent pore size distribution profile 

centered at 0.7 nm, which was close to the calculated pore size 

(0.8 nm) for the eclipsed AA layer stacking model. Notably, 

NKCOF-62 possesses the smallest eclipsed pore among all 

orthorhombic 2D COFs (Figure S16).  

Compared with the conventional solvothermal method, 

which is usually reacted in a sealed glass tube to obtain mi-

crograms-scale COFs in the presence of organic solvent and 

hinder their practical applications, the melt polymerization 

strategy avoids most of the disadvantages of the solvothermal 

method, which is desirable for the large-scale production of 

materials. Therefore, we attempted to scale up the synthesis of 

NKCOF-62 using an autoclave by one-pot reaction, and a red 

cylinder shape (0.51 kg) was easily obtained under the same 

reaction condition (Figure 4). Notably, the BET surface area 

and crystallinity of the large-scale NKCOF-62 were compara-

ble to that of the equivalent small-scale synthesis (Figure S17-

S19). These results further demonstrated that NKCOF-62 

could be easily scaled up to a large amount depending on the 

requirement in principle, which addressed the grand challeng-

es of scalable COF synthesis that are inaccessible through 

traditional solvothermal approaches. Furthermore, the cost of 

preparing a kilogram of NKCOF-62 is <75$/kg, far below 

most reported COFs (Table S4), which exhibits great potential 

for industrial production and application. 

 

Figure 4. Photograph of scale-up fabrication of NKCOF-62. 
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Figure 5. a) C2H2, C2H4, and C2H6 sorption isotherms of NKCOF-62 at 298 K. b) Isosteric heats of adsorption (Qst) for C2H2, C2H4, and 

C2H6. c) Experimental breakthrough curves of NKCOF-62 for C2H2/C2H4 (1/99, v/v) and (d) C2H6/C2H4 (50/50, v/v) binary mixtures with 

a total inlet flow rate of 1.0 mL/min. e) Experimental breakthrough curves for C2H2/C2H4/ C2H6 (1/1/1, v/v/v) at 298 K and 1 bar. f) Five 

consecutive breakthrough cycles of C2H2/C2H4/ C2H6 (1/1/1, v/v/v) for NKCOF-62. 

The microporosity of NKCOF-62 prompted us to measure 

single-component C2H2, C2H4 and C2H6 adsorption isotherms 

at 273 K and 298 K (Figure 5a and S20). The amount of ad-

sorbed gas in activated NKCOF-62 decreased with increasing 

temperature. Interestingly, the adsorption capacity of NKCOF-

62 for C2H2 and C2H6 was higher than that for C2H4 across the 

entire pressure range tested (0-100 kPa), implying selective 

adsorption of C2H2 and C2H6 over C2H4. To evaluate the af-

finity of C2 hydrocarbons with NKCOF-62, the coverage-

dependent isosteric heat of adsorption of (Qst) for C2H2, C2H4 

and C2H6 was calculated using the virial equation (Figure S21 

and Table S5). As shown in Figure 5b, the order of Qst values 

at zero coverage was C2H2 (30.5 kJ/mol) > C2H6 (29.6 

kJ/mol) > C2H4 (26.3 kJ/mol), indicating that NKCOF-62 has 

the strongest affinity for C2H2, followed by C2H6 and finally 

C2H4 which was useful in the separation and purification of 

C2H4 and consistent with the absorption amounts measured 

from the adsorption isotherms. Notably, the adsorption en-

thalpies of all three gases were lower than 35 kJ/mol, indicat-

ing that NKCOF-62 had a relatively low energy footprint for 

sorbent regeneration. To further evaluate the separation per-

formance of NKCOF-62, the ideal adsorbed solution theory 

(IAST) was utilized to calculate the binary gas mixture 1/99 

C2H2/C2H4 and 50/50 C2H6/C2H4 adsorptive selectivity. As 

shown in Figure S22 and S23, the predicted selectivity of 

C2H2/C2H4 and C2H6/C2H4 at pressure of 1 bar and 298 K were 

1.30 and 1.37, respectively, which was comparable to most 

reported adsorbents for one-step C2H4 purification from a ter-

nary C2H2/C2H4/C2H6 mixtures (e.g., NPU-1, NPU-2,
[53]

 UPC-

612
[54]

 and Azole-Th-1
[55]

), implying the feasibility of using 

NKCOF-62 to purify C2H4 from C2H2 and C2H6 in practical 

applications. 

To further verify the practical separation performance of 

NKCOF-62, the transient fixed-bed column breakthrough ex-

periments of binary C2H2/C2H4 (1/99) and C2H6/C2H4 (50/50) 

mixtures, and ternary C2H2/C2H4/C2H6 (1/1/1) mixtures were 

performed at 298 K and ambient pressure with a total flow of 

1 mL/min. As shown in Figures 5c and 5d, C2H4 was always 

first eluted through the column to obtain polymer-grade (＞
99.95%) C2H4, while C2H2 or C2H6 remained in the packed 

column for a certain time until reaching their saturation and 

breakthrough, indicating that NKCOF-62 could efficiently 

separate C2H4 from C2H2/C2H4 and C2H6/C2H4 binary mixtures. 

The breakthrough time was 15.4 min/g (C2H2/C2H4, 1/99) and 

8.2 min/g (C2H6/C2H4, 50/50). Furthermore, NKCOF-62 could 

simultaneously capture both C2H2 and C2H6 from a 

C2H2/C2H4/C2H6 (1/1/1) ternary gas mixture and afforded pol-

ymer-grade C2H4 in a one-step separation process (Figure 5e). 

It was observed that C2H4 breakthrough occurred first at 26 

min, followed by C2H6 at 45 min and C2H2 at 50 min, and the 

separation time was finally determined to be 19 min/g. Excit-

ingly, this is the first case of a single COF adsorbent for one-

step C2H4 purification from the ternary mixture of 

C2H2/C2H4/C2H6, and the C2H4 productivity of NKCOF-62 

was higher than that of HIAM-210,
[56]

 NPU-1
[53]

 and even 

comparable to some top-performing materials like UiO-67-

(NH2),
[57]

 UPC-612
[54]

 and UPC-66
[58]

 (Table S6). Notably, 

NKCOF-62 could be easily scaled up to kilogram level, while 

these MOFs could not be prepared on a large scale. Further-

more, the cost of NKCOF-62 is far lower than those of 

benchmark MOFs, thus making NKCOF-62 great potential in 

the industrial-scale separation scenario. Additionally, the cy-

cling dynamic breakthrough tests of C2H2/C2H4/C2H6 were 

conducted to assess the recyclability of NKCOF-62 under the 

same conditions (Figure 5f). The breakthrough time and the 

PXRD pattern remained almost unchanged with five continu-

ous cycles, which indicated that it had outstanding stability 

and recyclability (Figure S24). 
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To better understand the selective adsorption behaviors of 

C2H2 and C2H6 over C2H4, the grand canonical Monte Carlo 

(GCMC) simulation was performed to gain insight into the 

nature of the binding sites for C2H2, C2H4, and C2H6 in 

NKCOF-62. The simulated adsorption isotherms show a cor-

rect trend consistent with experiments that verify the reliability 

of the force field. As shown in Figure 6, C2H2, C2H4, and C2H6 

were all distributed at similar positions with the orthorhombic 

one-dimensional channel of NKCOF-62. In addition, these gas 

molecules all interacted with the aromatic hydrogen of TPA. 

The order of interaction distances was C2H2 (2.71) < C2H6 

(2.99) < C2H4 (3.28), and the corresponding adsorption ener-

gies were 38.81, 34.74, and 30.35 kJ/mol, respectively. These 

calculation results support the following trend in sorbent-

sorbate interactions for NKPOC-62: C2H2>C2H6>C2H4, which 

is fully consistent with the experimental findings. 

 

Figure 6. Preferential adsorption sites and corresponding adsorp-

tion energies for C2H2, C2H4, and C2H6 in the NKCOF-62.  

CONCLUSIONS 

In summary, we have demonstrated that a commercially 

available tetramethylpyrazine monomer can be used to create a 

new orthorhombic olefin-linked COF via the melt 

polymerization method. Notably, kilogram-level COF was 

firstly fabricated using an autoclave by one-pot reaction at a 

cost of <75$/kg, which surpassed the most reported COFs and 

promoted the industrial application of olefin-linked COFs. 

This COF possessed the smallest eclipsed pore (~0.7 nm) 

among all orthorhombic 2D COFs, which afforded unique 

selective adsorption of C2H2 and C2H6 over C2H4. Thereby, 

NKCOF-62 can be applied to purify C2H4 not only from 

C2H2/C2H4 and C2H6/C2H4 binary mixture, but also from 

challenging C2H2/C2H4/C2H6 ternary mixture. Furthermore, 

this case is the first time that a single COF is used to directly 

produce polymer grade C2H4 in one step from the ternary C2 

Hydrocarbon gas mixture. Its separation performance is 

comparable to the top-performing MOFs, but with far lower 

cost. This work not only provides a new robust COF-based 

adsorbent for one-step C2H4 purification but also extensively 

facilitates the research of emerging cheap and efficient COF 

adsorbents for important industrial separations. 
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