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 15 

Abstract 16 

Thiophene, widely found in fossil fuels, not only corrodes equipment but also 17 

causes great harm to the environment after combustion. Adsorptive desulfurization can 18 

deeply desulfurize fuels with low sulfur content and shows great development prospect. 19 

We experimentally studied the adsorption of thiophene and benzene in Cu-BTC and 20 

two types of IZE metal-organic frameworks (MOFs). By changing the temperature and 21 

concentration conditions, we compared the separation performance of MOFs with 22 

different metal centers. We found IZE-1 to have excellent s high thiophene adsorption 23 

capacity selectivity for thiophene adsorption at low thiophene concentration and (-up 24 

to 9.3 mg S/g MOF at 70℃), superior to that of Cu-BTC. We performed first-principles 25 

calculations and elucidated the mechanism of thiophene adsorption by analyzing the 26 

electronic structure of MOFs. The molecular dynamics simulation further explains the 27 

high selectivity of thiophene adsorption and the adsorption process. This study 28 



demonstrates the potential for MOFs to be used in thiophene adsorption, particularly at 1 

high thiophene concentrations. 2 

Keywords: Thiophene Adsorption; Metal-Organic Frameworks; Separation 3 

Performance. 4 

1. Introduction 5 

The petrochemical industry is facing increasingly stringent environmental 6 

mandates to remove sulfur-containing compounds in fuels and also requires the 7 

production of sulfur-free clean fuels 1,2. Conventional hydrodesulfurization (HDS) is an 8 

effective method for removing mercaptan, thioether and other aliphatic S compounds 9 

but not for thiophene and its derivatives3. Sulfur-free fuels are difficult to produce 10 

because excessive hydrogenation saturates the aromatics and greatly reduces the octane 11 

rating4. Therefore, developing ultradeep desulfurization technologies is urgently 12 

needed to meet environmental regulations.  13 

Adsorptive desulfurization (ADS) is a promising ultradeep desulfurization 14 

technology due to its ambient operating conditions and high selectivity for removing 15 

thiophene compounds, leaving fuel unchanged5,6. The mechanism of adsorption 16 

desulfurization is mainly consisted of hydrogen bond, π-complexation, van der Waals 17 

force and sulfur-metal (S-M) bond between metal and sulfur compounds7. Among them, 18 

the interaction mechanism such as π-complexation, hydrogen bond and S-M bond can 19 

directly influence the desulfurization performance8-10. Although π-complexation 20 

greatly increased the adsorption capacity of thiophene and its derivatives, the 21 

adsorption capacity of aromatics (about 30% in fuels) might decrease in the presence 22 

of thiophene (kinetic diameter of 4.6 Å) because of competitive adsorption, such as 23 

benzene (kinetic diameter of 5.8 Å)11. On the contrary, the adsorbents based on S–M 24 

bond have high adsorption selectivity in removing thiophene and its compounds along 25 

with aromatics12,13.  26 

MOFs with the crystalline porous feature are formed by metal ions or metal 27 

clusters and organic ligands connected through self-assembly14,15. MOFs show great 28 



potential in separation and have become a hot topic for research, particularly in the area 1 

of high selective adsorption of the trace of sulfur-containing compounds in fuels16-18. 2 

In general, the metal in the center and the chemical functional groups over the surfaces 3 

of MOFs can be customized to improve their stability and recyclability. Wang et al. 4 

used Ni-doped Cu-BTC to remove thiophene in simulated oil, with higher stability and 5 

selectivity for thiophene after modifying the doped MOF19. Liu et al. modified 6 

Fe3O4/HKUST-1 with graphite oxide for desulfurization, increasing capacity and the 7 

reusability from the unmodified form by 24% and 10% respectively7. These studies 8 

changed the structure and properties of MOFs by respectively introducing double-9 

coordinated metals and graphene oxides but did not study the relationship between 10 

MOF microstructure and adsorption performance. Notably, in a study conducted by Li 11 

et al.20, ultradeep desulfurization from model gasolines was explored through an 12 

adsorptive approach. Various porous materials exhibiting promising ultradeep 13 

desulfurization capacities (N thiophene ≥ 0.1 mmol/g) were identified, including Zn-14 

BDC, MOF-70, MOF-69C, UIO-66, Cd3BTB2, ZIF-77, and ZIF-69. However, it is 15 

important to emphasize that the aforementioned materials were only able to achieve 16 

this performance at 298 K and 10 kPa. Therefore, the mechanism with structural 17 

analysis of MOFs on the thiophene adsorption performance has not been deeply 18 

explored.  19 

In our previous studies, high-performance MOFs were extracted from ~12020 20 

candidates in the database which possess the strongest adsorption strength based on 21 

first-principle calculations21. In this study, our selection of IZE-1, IZE-2, and Cu-BTC 22 

as the focal MOF materials was grounded in their demonstrable computational promise, 23 

the strategic alignment of central metal atoms and ligands, and the imperative for 24 

controlled experimentation to underscore the pivotal role of the central metal atom in 25 

thiophene adsorption. Our work is the first to use the prepared IZE-type MOF for 26 

thiophene adsorption and can achieve excellent adsorption performance with the 27 

adsorption amount of thiophene larger than 0.11 mmol/g at the high temperature of 343 28 



K and the normal pressure of 0.1 kPa. We also used first-principles calculations and 1 

combined molecular dynamics simulations to evaluate their dynamic and 2 

thermodynamic stabilities. This study provides guidelines for rational experimental 3 

adsorption of thiophene  4 

2. Experimental section 5 

2.1.Materials 6 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), N, N-dimethylformamide (DMF) 7 

and dimethylsulfoxide (DMSO) were supplied by Adamas (Shanghai, China). 1, 1′-8 

Ethynebenzene-3, 3′, 5, 5′-tetracarboxylic acid (H4EBTC) was prepared following 9 

published methods22. Benzene, thiophene and 1, 3, 5-trimellitic acid were supplied by 10 

Adamas (Shanghai, China). Copper nitrate trihydrate and Nitric acid were obtained 11 

from Aladdin Holdings Group Co., Ltd (Shanghai, China). All chemicals were 12 

analytical grade and not further purified. Deionized water obtained from the up-water 13 

purification system was purchased from Chengdu You Pu Biotechnology Co. Ltd. for 14 

this study. All reagents were of analytical grade and used without further purification. 15 

2.2.Synthesis of Cu-BTC and IZE-1/2 16 

Synthesis of Cu-BTC: the reaction was carried out by the hydrothermal method. 17 

The reactants Cu(NO3)2·3H2O (1.087 g) and 1, 3, 5-trimesic acid (0.525 g) were 18 

ultrasonically dissolved in 15 mL of ethanol. This was added to 15 mL of ultrapure 19 

water in a reaction kettle and incubated in a high-temperature oven for 14 h. The blue 20 

crystal produced was suction filtered and dried in vacuum at 80℃ for 24 h to obtain a 21 

blue powder. 22 

Synthesis of IZE-1: ethynyl biphenyl-3, 3', 5, 5'-tetracarboxylic acid (50 mg) and 23 

ZnSO4·6H2O (150 mg) were added to a glass bottle. The mixture was ultrasonicated for 24 

20 mins until all reactants had dissolved. After 0.6 mL of nitric acid was added to the 25 

solution, the glass bottle was sealed and incubated in a high-temperature oven at 85°C 26 

for 12 h. After cooling to room temperature, the precipitate was separated by suction 27 

filtration, rinsed three times with DMF and ethanol, and dried in vacuum at 60°C to 28 



obtain IZE-1(Fig. S1). 1 

Synthesis of IZE-2: We mixed 50 mg ethynyl biphenyl-3,3',5,5'-tetracarboxylic 2 

acid (0.14 mmol), 150 mg zinc nitrate hexahydrate (0.5 mmol) and 25 mg 5-amino 3 

isophthalic acid (AIP) (0.14 mmol) in a glass bottle containing 2 ml DMF and 2 ml 4 

DMSO. The contents were ultrasonicated for 10 min until all reactants were dissolved. 5 

The glass bottle was then sealed and incubated in a high-temperature oven at 85°C for 6 

10 h. After cooling to room temperature, the precipitate was obtained by suction 7 

filtration with washes using DMF and ethanol. This precipitate was dried in vacuum at 8 

60°C to obtain IZE-2.  9 

2.3. Characterization  10 

A field emission scanning electron microscopy (FESEM, JEOL-7800F, Japan) was 11 

employed to study the morphology and size of MOF particles. The crystal structure of 12 

the samples was analyzed by using X-ray diffraction (XRD, Bruker, Germany) 13 

measurements at a scanning rate of 10°/ min based on Cu Kα radiation (λ = 1.5406 Å). 14 

The N2 adsorption–desorption isotherm of the particle was measured by the ASAP 2020 15 

Surface Area and Porosity Analyzer (Micromeritics Instrument Corp, USA) at 77 K. 16 

The specific surface area and pore size distributions were calculated by using the 17 

Brunauer−Emmett−Teller (BET) equation and Barrett-Joiner-Halenda (BJH) equation, 18 

respectively. The thermal stability of the particle was determined by a 19 

thermogravimetric analyzer (Mettler Toledo, USA) with a heating rate of 10℃/min in 20 

a nitrogen atmosphere.  21 

To elucidate the mechanism of thiophene adsorption, first-principles calculations 22 

were performed by applying the plane-wave-based density functional theory (DFT) 23 

method implemented in the Vienna Ab-initio Simulation Package (VASP)23,24. The 24 

projector augmented wave (PAW) pseudopotentials were used to describe the ion-25 

electron interaction. The generalized gradient approximation (GGA) was parametrized 26 

by the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional to analyze the 27 

exchange-correlation25. The cut-off energy for the plane was set to 450 eV, with an error 28 



of less than 1 meV per atom. The Brillouin zone was sampled with a 3 × 3 × 3 k-mesh 1 

using the Gamma-centered Monkhorst-Pack scheme. The Fermi-smearing method was 2 

applied with 0.08 eV smearing width. The convergence criteria of the total energy was 3 

set to 10−5 eV while all ions were relaxed to a force tolerance less than 0.01 eV/ Å. Van 4 

der Waals (VdW) interactions between atoms and molecules were evaluated by the 5 

“zero damping” DFT-D3 parameter of Grimme. And the whole structure underwent the 6 

ab initio molecular dynamics (AIMD)26 simulation for 25 ps to ensure that the 7 

equilibrium was reached. During AIMD simulation, NVT ensemble at 300 K was 8 

adopted with Nose mass parameter being set to 0.5 to control temperature oscillations. 9 

The adsorption energy (ΔEads) of one thiophene molecule is defined as Eqs. (1): 10 

                
/

( )
MOF Thiophene MOF ThiopheneadsE E E E = − +               Eqs. (1) 11 

Where EMOF/Thiophene is the total electronic energy of the MOF with one thiophene 12 

molecule adsorbed, MOF is the total electronic energy of the bare MOF, and EThiophene 13 

is the total electronic energy of a free thiophene molecule. A more negative ΔEads value 14 

indicates stronger adsorption, the corresponding MOF being the active sorbent for 15 

thiophene. 16 

2.4. Experiments of static adsorptive desulfurization 17 

The IZE material was vacuum-dried overnight at 80 °C for 15h to remove adsorbed 18 

water and other volatile pollutants. Then, 40 mg of a sample (Cu-BTC/IZE-1/IZE-2) 19 

was added to 10 g of thiophene/benzene mixture containing different concentrations of 20 

thiophene. Next, the mixture was heated at 60 °C under intense stirring, and a small 21 

amount of liquid was removed after every specified time. Finally, the above-mentioned 22 

liquid samples were analyzed by a compact sulfur and nitrogen analyzer (Analytik Jena, 23 

Germany) to determine sulfur content.  24 

The sulfur and nitrogen element analyzer was used to analyze the content of sulfide 25 

thiophene in the oil phase of raw materials and adsorption products. The temperature 26 

was programmed at a heating rate of 10 °C/min to the furnace temperature of 1100 °C 27 

and kept for 3 mins. The external standard method was used to quantitatively analyze 28 



the thiophene content of raw materials and adsorption products and the following 1 

formula was used to calculate the thiophene content in Eqs. (2):  2 

 3 
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 5 

At is the peak area of thiophene when the sample is tested for further analysis; A1 6 

and A2 are the peak area of thiophene when the standard sample is analyzed; c1 and c2 7 

are the concentration of the standard solutions, respectively. 8 

3. Results and discussion 9 

3.1 Characterization of the adsorbents 10 

SEM images of the two types of Zn-BTC prepared under different conditions 11 

(IZE-1 and IZE-2) indicated differences in size and shape (Fig. 1). IZE-1 formed 12 

elongated polyhedrons of uniform size (from 3 to 5 μm), while IZE-2 formed smaller 13 

particles that beneficially increased the specific surface area of the MOF. This strongly 14 

indicates that Zn-BTC MOFs prepared with different solvents result in differing 15 

morphologies and stacking methods. The hexagonal particles of Cu-BTC with similar 16 

size as IZE MOFs was showed in Fig. 1c.27,28  17 

The nitrogen adsorption-desorption isotherms for Cu-BTC are presented in Figure 18 

S1. The Cu-BTC isotherms demonstrate Type-I characteristics, exhibiting a rapid 19 

ascent at low relative pressures followed by a plateau, indicative of its micro-porous 20 

structure29. The BET surface area of Cu-BTC is measured at 1190.8 m²/g, and the 21 

ultimate adsorption is contingent upon the available micro-pore volume. For the IZE-22 

type MOF materials, the adsorption curves exhibit S-shaped isotherms, corresponding 23 

to the occurrence of a reversible single-layer adsorption process either on the surface 24 

of non-porous solids or on solids with large pores. In the low P/P0 region, the curve 25 

concaves upward or downward, reflecting the strength or weakness of the interaction 26 

between the adsorbate and adsorbent. A turning point is observed at low P/P0 values, 27 

marking the first steep segment of the isotherm, indicating saturation adsorption of the 28 



monomolecular layer. With increasing relative pressure, a second layer begins to form, 1 

reaching infinite layers at the saturation vapor pressure, signifying this type of isotherm. 2 

Such isotherms are often encountered when the pore size of the adsorbent exceeds 20 3 

nm, with no upper limit to the solid pore size. Calculations reveal that the specific 4 

surface areas of IZE-1 and IZE-2 surpass that of Cu-BTC, while both IZE-1 and IZE-2 5 

exhibit narrower pore size distributions centered around 15 nm and 25 nm, respectively, 6 

which are also higher than that of Cu-BTC. 7 

 8 

 9 

Figure 1. FESEM images of (a) IZE-1, (b) IZE-2, and (c) Cu-BTC. 10 

We also analyzed the X-ray diffraction (XRD) spectra for the three MOFs to 11 

ascertain if the MOFs were correctly prepared. For both IZE-1 (Fig. 2a) and IZE-2 (Fig. 12 

2b), the spectra (black) agreed well with the standard XRD characteristic peak (red), 13 

indicating that the structures of the IZE particles conformed to the standard 14 

characteristic structure30. The spectrum for the Cu-BTC particle (Fig. 2c) showed the 15 

characteristic diffraction peaks to be roughly similar to that of the simulated Cu-16 

BTC31,32. The diffraction peaks at 2θ=6.6°, 9.5°, 11.6°, 13.4°, 17.4°, and 19.0° 17 

corresponded to the (200), (220), (222), (400), (333) and (440) crystal planes of Cu-18 

BTC. These results proved our successful synthesis of Cu-BTC and IZE. The difference 19 

in the relative intensity diffraction peak from that of the simulated calculation was due 20 

to the simulated Cu-BTC having complete crystal structure without impurities.  21 

 22 



 1 

Figure 2. XRD patterns of (a) IZE-1, (b) IZE-2, (c) Cu-BTC. 2 

 3 

The stability of three MOFs was determined by thermogravimetric (TG) analysis 4 

(Fig. 3). There were two main stages of weight loss on the TG curves for all three MOFs. 5 

IZE-1 (Fig. 3a) loses 39.3% of its mass from room temperature to 360°C which 6 

corresponds to the simulated structure of [Zn2(EBTC)], with each unit corresponding 7 

to 2 coordinated H2O, 5.5 guest coordination molecules H2O and 2.5 guests DMF 8 

molecules. The weight loss during the first stage was 39.8% which was consistent with 9 

the simulated structure, with the backbone of IZE-1 starting to break down with 10 

increasing temperature. IZE-2 (Fig. 3b) experienced a similar weight loss of 39.0% in 11 

the temperature range of 25℃ to 253°C during the first stage. Each unit of [Zn2(EBTC)] 12 

corresponds to 2 coordinated H2O, 10.5 guest molecules H2O, 0.5 guest molecule DMF 13 

and 0.5 guest molecule DMSO (calculation result in 38.5%). As all the coordinated 14 

water molecules and guest solvent molecules in the MOFs break down, they all 15 

decompose immediately. For Cu-BTC (Fig. 3c), ~ 5% of the weight loss occurs in the 16 

temperature range around 40–100°C, which could be attributed to the evaporation of 17 

the adsorbed water. The second step of weight loss started at ~280°C and ended at 18 

~340℃, which was induced by the decomposition of the organic ligand skeleton and 19 

the transformation of the MOF into copper oxide. 20 

 21 



 1 
Figure 3. TG curves of (a) IZE-1, (b) IZE-2, (c) Cu-BTC. 2 

3.2 Static adsorption performance of Cu-BTC, IZE-1 and IZE-2 3 

We studied the desulfurization performance for IZE-1, IZE-2 and Cu-BTC at low 4 

thiophene concentrations of 1 ppm and 17.5 ppm. At the adsorption temperature of 5 

60°C, the thiophene remaining in the thiophene/benzene mixture was measured as a 6 

function of time (Fig. 4). During the first 10 mins, all three MOFs showed rapid 7 

thiophene adsorption. After 20 mins, this adsorption increased slowly and gradually 8 

reached equilibrium. The concentration of thiophene in the thiophene/benzene mixture 9 

was reduced from 17.5 ppm to 25.3 ppb or less, with both IZE-1 and IZE-2 able to 10 

adsorb enough thiophene to keep its concentration about half of that for Cu-BTC. 11 

Although the results indicated that all three types of MOFs can rapidly and completely 12 

adsorb thiophene when it is present at low concentrations, IZE-type MOFs displayed 13 

higher selectivity for thiophene adsorption. 14 

 15 

 16 

Figure 4. Under low thiophene concentration, the residual content of thiophene at different 17 

adsorption time (a) 1 ppm thiophene in thiophene/benzene mixture, (b) 17.5 ppm thiophene in 18 

thiophene/benzene mixture. 19 

The reaction was further carried out in the thiophene/benzene mixture with 20 



different thiophene concentrations at standard atmospheric pressure. Before the 1 

adsorption experiment, Cu-BTC and IZE MOFs were vacuum-dried overnight at 150℃ 2 

to remove adsorbed water and other volatile pollutants. The experiments were carried 3 

out at 60℃ with thiophene/benzene mixture of different thiophene concentrations. 4 

After 60 mins, the thiophene was almost all adsorbed to reach saturated adsorption 5 

equilibrium. Up to the 20-min mark, the three types of MOFs all showed rapid growth 6 

in adsorption capacity (Fig. 5). With thiophene/benzene mixture with 17.5 ppm 7 

thiophene, nearly all of the thiophene was by three MOFs studied (Fig. 5a). As the 8 

thiophene concentration was increased to 50 ppm, IZE-1 had higher saturated 9 

adsorption capacity of thiophene among the three MOFs, reaching 8.7 mg S/g MOF. 10 

When the thiophene concentration increased to 60 ppm, IZE-1 still has high thiophene 11 

adsorption capacity of up to 9.3 mg S/g MOF. At the same time, the thiophene 12 

adsorption capacity of IZE-2 also increased for thiophene/benzene mixture due to the 13 

increased surface area afforded by the IZE-2. Conversely, the adsorption capacity of 14 

Cu-BTC decreased for thiophene/benzene mixture with 60 ppm thiophene.  15 

 16 

Figure 5. Under different thiophene concentration, the adsorption capacity content of thiophene as 17 

the function of time (a) 17.5 ppm thiophene in thiophene/benzene mixture, (b) 50 ppm thiophene 18 

in thiophene/benzene mixture, (c) 60 ppm thiophene in thiophene/benzene mixture. 19 

 20 

We further studied thiophene adsorption in thiophene/benzene mixture under a 21 

wider temperature range. The thiophene adsorption capacity of different types of MOF 22 

under 40, 50, 60, and 70℃ were plotted in Fig. 6a. To ensure a stable amount of 23 

thiophene adsorption, we allowed the reaction to occur for at least 120 mins shown in 24 

Fig. 6b and Fig. 6c, respectively. For Cu-BTC, the thiophene adsorption increased 25 



rapidly during the first 20 mins, increasing slowly. The same trend was observed in 1 

IZE-1, only with a higher adsorption capacity. While IZE has higher adsorption capacity 2 

for thiophene than that of Cu-BTC (Fig. 6a). The small pore size and the electrostatic 3 

repulsion between thiophene and the carboxyl group exposed on the surface of the 4 

MOFs thus made the adsorption process difficult. The IZE-type MOF with larger pore 5 

size can increase the adsorption of thiophene at high temperature. Elevated temperature 6 

usually decreases the saturated adsorption capacity for thiophene in the MOFs. But IZE 7 

MOF showed different trend from that of Cu-BTC at high temperature. In the next 8 

section, we further investigated the difference in the the two MOF materials on the 9 

amount of thiophene adsorption as a function of temperature. 10 

 11 

Figure 6. The adsorption capacity of thiophene at different temperatures (a) the thiophene 12 

adsorption of IZE-1, IZE-2 and Cu-BTC, (b) the thiophene adsorption of IZE-1, (c) the thiophene 13 

adsorption of IZE-2, (d) the thiophene adsorption of Cu-BTC. 14 

4. Adsorption mechanism 15 

To analyze the adsorption mechanism of IZE-1, we constructed the adsorption 16 

model (Figure 7a) and investigated the electronic structure of the adsorption system by 17 

first-principles simulation. We calculated the Bader charges of Zn and S atoms before 18 



and after adsorption. The Bader charge of nearly all the S atoms after adsorption was 1 

negative, indicating that the S atoms served as electron acceptors in the process of 2 

thiophene adsorption. However, the charge density difference (Figure 7b) indicated the 3 

adsorption between OMS and S atoms to be regulated by coordination atoms, which 4 

induced adsorption deviating from the electron acceptor and donor binding mode. The 5 

partial density of states (pDOS) of OMS@S in IZE-2 before and after thiophene 6 

adsorption was calculated (Figure 7c). After adsorption, the activation of the Zn-OMS 7 

caused the isolated 3p orbital of the S atom to move towards a lower energy level, 8 

hybridizing with the Zn 3d orbital and causing Zn 3d states to move towards the Fermi 9 

level. The movement of the d orbital can be quantitatively described by D-band center 10 

theory33 and the D-band center differences can be calculated by Eqs. (3): 11 

                          d b aE E E = −                       Eqs. (3) 12 

    13 

Figure 7. (a) Framework of IZE-1, (b) of Charge density of energy level in IZE-2 with thiophene 14 

adsorption, (c) Partial density of states for the change of Zn@S, (d) Variation of distances between 15 

the central metal atoms in IZE-1 and Cu-BTC and the sulfur (S) atoms in thiophene within the 16 

first 10 ps at 300 K and 400 K. 17 

 18 



The simulation result indicates that the identity of the open metal sites can 1 

significantly affect the adsorption of thiophene. To further demonstrate the 2 

chemisorption feature of thiophene in MOFs, we studied the geometry evolution of 3 

benzene and thiophene in MOF pores by performing a molecular dynamics 4 

simulation at 300 K. The pore size of IZE-1 suggests the accommodation of 3-4 5 

small cyclic aromatic hydrocarbons, with 6 Zn atoms possibly serving as adsorption 6 

sites. We placed one thiophene molecule and one benzene molecule in the pores for 7 

the simulation. During the long-term molecular dynamic simulation, the adsorbed 8 

molecules oscillated at the adsorption sites from 5ps to 25 ps. The distance between 9 

the S atom of thiophene and the Zn atom shrank to 0.25 nm at the 5-ps to 25-ps 10 

mark, suggesting that they chemically interacted (in Figure 8a and Figure 8b). 11 

Conversely, the benzene molecule continued reciprocating randomly within the 12 

pores, demonstrating its weak interactions with the MOF backbone. After 25 ps, the 13 

S atom of thiophene and the Zn atom of MOF always kept distance of ~0.25 nm, 14 

and the adsorption was stable (in Figure 8c). This proved the mechanism of MOF 15 

desulfurization through strong adsorption with thiophene. 16 

 17 

 18 

Figure 8. Molecular dynamics adsorption of thiophene and benzene in IZE-1 at 300 K with 19 

residual content of thiophene in the model. (a) 5 ps, (b) 15 ps, (c) 25 ps. 20 

 21 

To explore the difference in thiophene adsorption behavior between Cu-BTC and 22 

IZE at higher temperatures, the adsorption energies of thiophene on IZE-1, IZE-2, and 23 

Cu-BTC were calculated. The results show that the ΔEads of IZE-1, IZE-2, and Cu-BTC 24 

are -1.24 eV, -1.19 eV, and -0.67 eV, respectively. The different behaviors observed 25 

can be attributed to the combined effect of physisorption and chemisorption. Moreover, 26 



molecular dynamics simulations were conducted at temperatures of 300 K and 400 K 1 

to further investigate the adsorption process. The time evolution of the Zn-S and Cu-S 2 

distances within 10 ps were analyzed (Figure 7d), revealing that the distance of Cu-S is 3 

longer than that of Zn-S due to the stronger adsorption between IZE-1 and thiophene. 4 

Furthermore, the distance between metal atoms in MOFs and S atoms in thiophene is 5 

larger at 400 K compared to 300 K. However, the distance of Cu-S changes more 6 

prominently than that of Zn-S. Evidently, the adsorption of thiophene by IZE-type MOF 7 

is primarily driven by chemisorption, and its chemical reaction rate is accelerated at 8 

higher temperatures, resulting in a greater adsorption capacity. On the other hand, Cu-9 

BTC relies more on physical adsorption for thiophene adsorption. Therefore, as the 10 

temperature increases, the adsorption capacity of Cu-BTC for thiophene weakens, as 11 

shown in Figure S6. 12 

 13 

5. Conclusion 14 

Adsorption performances of MOF materials with Zn and Cu metal centers are 15 

investigated both theoretically and experimentally. It is found that different metal-16 

centered MOFs exhibited significant differences in their adsorption performance for 17 

thiophene, among which IZE-1 showed the best thiophene selectivity at low 18 

concentration and the highest thiophene adsorption capacity at high temperature. At 19 

70°C under standard atmospheric pressure, the saturated adsorption capacity of 20 

thiophene was 9.3 mg S/g MOF. By using first-principles calculations and molecular 21 

dynamics simulations, we elucidated that the S-M bond interaction was the key factor 22 

affecting the selectivity and capacity of different metal-centers MOFs for thiophene. 23 

These results provided theoretical guidance for rationally designing and preparing 24 

efficient MOFs for removing trace thiophene from fuels.  25 
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