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Abstract 

Water pollution with pharmaceutical compounds is one of the most dangerous problems, especially 

those that are used widely. Naproxen is used as an antipyretic, analgesic, and anti-inflammatory 

agent. With the discovery of Naproxen in drinking water in many countries, it has become a serious 

environmental risk. Therefore, a study on the potential of removing Naproxen from aqueous 

solutions using metal-organic frameworks MIL-101(Cr) through molecular dynamics simulation 

was conducted. The impact of functionalization the MIL-101(Cr) structure (OH, F, NH2, and SO3) 

on the diffusion coefficient and adsorption of Naproxen was also examined. Simulation results 

demonstrate that MIL-101(Cr)-SO3, in addition to being environmentally friendly, achieves high 

efficiency in removing Naproxen molecules from aqueous solutions. The adsorption capacity of 

NAP on the MIL-101(Cr)-SO3 is 590.45 mg/g, with an interaction energy between MIL-101(Cr)-

SO3 and NAP o -11044.35 kcal/mol. Therefore, MIL-101(Cr) can be proposed as a promising 

adsorbent for removing various pollutants from aqueous solutions. 

 

 

 

Keywords: Adsorption; Metal-Organic Framework; MIL-101(Cr); Molecular Dynamics; 

Naproxen. 
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1. Introduction 
Non-steroidal anti-inflammatory drugs (NSAIDs) consist of a large class of drugs with diverse 

functions and complex structures. They are generally weak organic aromatic acids, commonly 

used to treat patients suffering from pain and inflammatory conditions such as osteoarthritis, 

chronic pain, postoperative surgical conditions, and rheumatoid arthritis. Additionally, they are 

widely used as antipyretics and analgesics [1, 2]. NSAIDs can enter the environment and pollute 

it directly through pharmaceutical industries’ wastewater or sewage, solid waste management 

plants, leachate from landfills, and hospital wastewater treatment plants [3]. They have high 

stability and reactivity, making them resistant to eco-toxicity and biodegradation posing  a threat 

to the environment [4]. 

Naproxen (NAP), an anti-inflammatory drug, relieves mild to moderate pain from various causes, 

reduces joint stiffness, swelling, and pain associated with osteoarthritis [5]. Naproxen is prevalent 

due to its low human metabolic capability, widespread use, and poor degradation in wastewater 

treatment plants [6]. It has been detected at concentrations of 10 ng/L in natural water bodies and 

from 100 ng/L to several μg/L in wastewater, especially hospital wastewater [7]. Concerns have 

been raised about the adverse effects of NAP on aquatic life, such as its toxicity to fish and algae, 

as well as its potential side effects on humans [8]. Studies have shown that NAP not only affects 

the biological system in water bodies and the quality of water and living organisms, but also causes 

endocrine disruption and heart disease [9]. Therefore, it is imperative to find practical and effective 

methods for removing NAP from water and wastewater. 

Adsorption technology plays a significant role in surface chemistry, primarily in the storage and 

separation of gases. It is also utilized for removing inorganic and organic pollutants from 

wastewater, as well as for the recovery and removal of heterogeneous catalysis and solvents [10]. 

Adsorption is considered one of the most promising and widely used technologies in wastewater 

treatment processes due to its safety, ease of use, high efficiency, and low cost [11, 12]. Various 

adsorbents such as activated carbon [13, 14], pure boron nitride [15], mesoporous carbons [16], 

zeolite-rich composites [17], and biochars [18] have been employed in the adsorption of NAP from 

aqueous solutions. 

Metal-organic frameworks (MOFs) are porous inorganic-organic hybrid compounds. The structure 

of MOFs consists of a metal center and organic linkers [19, 20]. MOFs have distinctive properties 
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that make them efficient in water treatment processes[21-24], such as a large pore size and surface 

area, providing high adsorption capabilities for pollutants. Besides, most MOFs are stable in 

aqueous solutions and have active adsorption sites [20, 25]. MOFs can be manufactured on a large 

scale and designed to allow the adsorption or selective stimulation of pollutants. They can be 

formed in different shapes such as membranes, monoliths, pellets, or columns making them 

suitable for devices used in water treatment processes [25]. Among the well-known MOF 

nanocrystals, MIL-101(Cr) is recognized as a very stable 3D nanomaterial. It has terminal water 

molecules linked to Cr3O building units. Removal of water under high vacuum leaves behind the 

chromium atoms, which serve as potential sites for a Lewis acid. It has been reported that Cr-

MOFs offer strong stability in the water, base, and acid due to the strong metal-oxygen (Cr-O) 

bonds [26, 27]. MIL-101(Cr) is used for the adsorptive removal of various toxic organics from 

water and wastewater, such as bisphenol-A, Ketoprofen, Naproxen [28], sulfamethoxazole [29], 

methyl orange, Congo red [30], hexavalent chromium [31], bisphenol S [29], Pharmaceutical 

contaminants[32], dye [27], and clofibric acid [33]. Because MOFs have a benzene ring or an 

imidazole group in their structures, strong interaction with NAP and MOFs could be expected by 

forming a л-л stacking [34]. Several MOFs’ including Fe3O4–FeBTC MOF [35], UIO-66-NH2-

Mlm [36], MIL-53 (Al) [37], MIL-101(Fe) [38], and UiO-66s [39], have been applied for the 

adsorption of NAP from aqueous solutions. However, none of them consider the role of functional 

group in the adsorption. It seems that the presence of different functional groups in MOF structures 

enhances the attraction between the adsorbate and the MOF [34] . It is clear that dynamic simulation 

is a valuable tool for researchers and professionals a like [21, 40-45], this study applies molecular 

dynamics (MD) simulation to explore and study the adsorption properties of NAP molecules in 

MIL-101(Cr)-X (X=OH, F, NH2, and SO3) structures at ambient pressure and temperature. 

Properties such as diffusion coefficient, adsorption energy, and fractional free volume are 

investigated to examine the most suitable MIL-101(Cr) for NAP capturing. Mean square 

displacement and radial distribution function evaluate the dynamics and pair correlations between 

the NAP molecules and the MOF structures. 
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2. Simulation Method  

2.1. Model construction 

In this research, Materials Studio package 2020 was utilized to study the adsorption of NAP 

molecules on the MIL-101(Cr)-X (X=OH, F, NH2, SO3). The structure of the NAP molecule was 

obtained from PubChem, while the structure of MIL-101(Cr) was downloaded using the atomic 

coordinates available in the Cambridge Structural Database (CSD) [46]. The MIL-(Cr)-OH unit 

cell was obtained by using the “Rebuild Crystals” module, selecting the P1 type group without 

changing cell dimensions. This unit cell was gone out the crystal state using the “Unbuild Crystal” 

module. Double and partial double bonds were then added to the new structure (Fig. 1a). The three-

dimensional cubic cell of MIL-101(Cr)-OH was created using the “Build Crystals” module and 

the 227 FD-3M group. The dimensions of the MIL-101(Cr)-OH cell are 88.86Å×88.86Å×88.86Å 

(Fig. 1b). This cubic cell was simplified to a primitive unit cell using symmetry module. The 

volume of the primitive cell is only one-fourth of the original cubic cell volume (Fig. 1c). The 

primitive cell describes the MOF structure well and simultaneously decreases the computational 

requirements [47]. Hydrogen atoms were then added to the aromatic rings to achieve chemical 

equivalence.  

To build MIL-101(Cr)-F, MIL-101(Cr)-NH2 and MIL-101(Cr)-SO3 structures, we started from the 

unit cell (Fig 1a). To obtain the MIL-101(Cr)-F structure, one oxygen atom in each Cr3O group 

was replaced by one fluorine atom so the ratio of fluorine atoms to chromium atoms is 1:3.5. For 

the construction of the MIL-101(Cr)-NH2 structure, at most one hydrogen atom in each organic 

ligand was replaced by an amine group, so the ratio of N:C is 1:8.5. To build the MIL-101(Cr)-

SO3 structure, the active amine group and fluorine atoms in the MIL-101(Cr)-NH2 unit cell were 

replaced by the SO3 group and oxygen atoms, respectively. The chemical composition, surface 

area, fractional free volume (FFV), and density of each MIL-101-X MOF are detailed in Table 1. 

The framework free volume decreases upon functionalization, while the density increases that is 

in acceptable accordance with literature [48]. From the other side of view, the obtained MIL-

101(Cr) density is in good agreement Koroglu et al. study [49]. Figure 2 shows the MIL-101(Cr)-

X structures after geometrical optimization. 
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2.2. Force field 

The force field is applied to accurately compute the results consistent with experimental data. 

Additionally, it should be able to calculate all necessary particle interaction energies within the 

system while reducing computational time by focusing on essential interactions and disregarding 

weak ones between atoms [39]. Here, Universal Force Field (UFF) models the dispersion 

interactions of the MOF atoms. Acording to the literature, different molecular simulation studies 

have demonstrated that the UFF is appropriate for MOF structures and can reliably predict the 

diffusion and adsorption of molecules in different MOFs [12, 40]. 

 

 

 

Figure 1: (a): The unit cell of MIL-101(Cr), (b): The cubic cell of MIL-101(Cr), (c): The primitive cell of MIL-101(Cr) 

 

 

(a) (b) 

(c) 
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Table 1: Structural characteristics of the unit cells of the MIL structures 

MOF MOF Composition 
M.W.  

(g/mol) 

Density 

(g/cm³) 

Surface area 

(Å²) 
FFV 

% 

MIL-

101(Cr)-OH 
C₁₆₃₂H₁₀₂₀O₁₀₈₈Cr₂₀₄ 3.44862 0 0.4595 31641.9 82.26 

MIL-

101(Cr)-F 
C₁₆₃₂H₉₁₂O₁₀₂₈F₆₀Cr₂₀₄ 5.44869 0 0.4576 31482.9 82.50 

MIL-

101(Cr)-NH₂ 
C₁₆₃₂H₁₀₅₆N₉₆O₁₀₂₈F₆₀Cr₂₀₄ 3.45018 0 0.4872 32474.9 81.29 

MIL-

101(Cr)-SO₃ 
C₁₆₃₂H₉₁₂O₁₃₇₆S₉₆Cr₂₀₄ 8.285619  0.5309 35309.2 80.05 

 

  

  
Figure 2: (a): The MIL-101(Cr)-F structure, (b): The MIL-101(Cr)-OH structure, (c): the MIL-101(Cr)-SO3 structure 

and (d): the MIL-101(Cr)-NH2 structure.  

 

2.3. Box simulation 

To study the transport and diffusion of NAP molecules in the MIL-101(Cr) structures, the MIL-

101(Cr) structure is fixed at the center of the simulation cell (Fig.3). On one side, NAP and water 

(a) 

(c) (d) 

(b) 
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molecules are positioned, while vacuum is on the other side. The dimensions of the simulation box 

are 62.31 Å × 62.31 Å × 112.31 Å . During full MD simulations, the MIL-101 considered to be 

fixed while NAP and water molecules were flexible. Geometric optimization was carried out using 

the steepest descent algorithm for 2000 steps, followed by 5000 steps of the smart algorithm (a 

combination of quasi-Newton and steepest descent), and then an additional 7000 steps of the smart 

algorithm. The convergence criteria for force is 0.5 kcal/(mol.Å) and for energy is 0.001 kcal/mol. 

In this study, the QEq charge equilibration model was used to calculate the particl atomic charges 

of MIL-101 (Cr)-X [49]. The system was then equilibrated using an isochoric-isothermal ensemble 

(NVT) in a 5 ns MD simulation. A Nose thermostat was utillized to maintain the temperature at 

298 K with a Q ratio of 0.01. Subsequently, 10 ns MD runs were conducted using a microcanonical 

ensemble (NVE) to obtain dynamic properties with a time step of 1 fs. The Ewald summation was 

employed to consider electrostatic interactions [50] with a buffer width of 0.5 Å and an accuracy 

of 0.001 kcal/mol. Van der Waals interactions were calculated using the atomic base method [50] 

with a cut-off distance of 30 Å. Long-range corrections were also considered during the 

optimization steps. Monte Carlo was used to obtain the surface adsorption characteristics 

(adsorption isotherm and adsorption energy). In the sorption module, the adsorption isotherm task 

and Metropolis method in the range of 10 to 1000 kPa were used to obtain the results. 

 

Figure 3: The initial simulation cell. 

 

2.4. Computational procedures 

Adsorption energy, also known as interaction energy, is the energy released when one mole of 

inhibitor (adsorbate) molecules is adsorbed on the surface of the adsorbent. In this MD simulation 
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study, the interaction energy between NAP molecules and the MIL-101(Cr) framework structures 

was calculated using the following relation [44]: 

𝐸𝑖𝑛𝑡 = 𝐸𝑡𝑜𝑡𝑎𝑙 − (𝐸𝑀𝑂𝐹 + 𝐸𝑁𝐴𝑃 + 𝐸𝑤𝑎𝑡𝑒𝑟)                           (1) 

where Eint, Etotal, EMOF, ENAP, and Ewater refer to the interaction energy, the total energy of the 

system, the total energy of MIL-101(Cr), the total energy of Naproxen, and the total energy of 

water, respectively. 

In this study, we utilized the self-diffusion coefficient (D) to represnt the ability and permeation 

velocity of NAP molecules in MIL-101-X MOFs structures. D is determind by the Einstein  

Equation  [51]:      

𝐷𝑖 =
1

6𝑁
lim
𝑡→∞

𝑑

𝑑𝑡
∑|𝑟𝑖(𝑡) − 𝑟𝑖(0)|2

𝑁

𝑡=1

                                       (2) 

Here 𝑀𝑆𝐷 = |𝑟𝑖(𝑡) − 𝑟𝑖(0)|2 , N is the number of diffusing atoms, 𝑟𝑖(0) and 𝑟𝑖(𝑡) are the positions 

of atom 𝑖 between starting point and final time, respectively. 

The appropriate sites for NAP adsorption in MIL-101(Cr) structures are identified by using the 

radial distribution function (RDF) defined as [12]: 

𝑔𝑖𝑗(𝑟) =
∆𝑁𝑖𝑗(𝑟, 𝑟 + ∆𝑟)𝑉

4𝜋𝑟2∆𝑟𝑁𝑖𝑁𝑗
                                (3) 

with 𝑟 is the distance between particles 𝑖 and  𝑗,  ∆𝑁𝑖𝑗(𝑟, 𝑟 + ∆𝑟) as the number of particle 𝑗 (NAP 

molecule) around 𝑖 (an element of MIL-101) within a shell from r to 𝑟 + ∆𝑟. 𝑁𝑖 and 𝑁𝑗 are the 

number of species 𝑖 and 𝑗, and 𝑉 is the system volume. 

 

3. Results and discussion 

3.1. XRD pattern characterization 

Figure 4 illustrates the X-ray powder diffraction (XRD) patterns of MIL-101(Cr)-X (X = OH, F, 

NH2, and SO3H) MOFs. These MOFs exhibit the same positions for prominent peaks, observed at 

2θ values of 3.3°,5°, 5.9°, 8.5°, 9°, 10.3°, and 16.6°. The positions of these peaks align closely 

with experimental and calculated patterns found in the literature [33, 52, 53]. Consequently, the 

MIL-101(Cr)-X MOFs share a similar crystal structure, but the strength of crystallinity varies, with 
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MIL-101(Cr)-NH2 exhibiting the highest crystallinity. Additionally, fluorine contributes to the 

good crystallization of porous MOFs as noted by Jouyandeh et al.[26]. 

3.2. Adsorption isotherm 

Adsorption capacity is an excellent standard for evaluating the adsorption of NAP pharmaculics 

on the surface of MOFs. Figure 5 shows the adsorption results of NAP molecules on MIL-100(Cr)-

X. The amount of loading in the simulations is often high because the simulations use the pristine 

crystal structure of the solid, resulting a high accuracy in the adsorption isotherm of NAP on MOF 

[47]. Generally, MIL-101(Cr)-X MOFs exhibite a similar trend. However, functionalized MOFs 

with NH2 and SO3 have lower adsorption values compared to the pristine MOF due to a reduced 

pore size in the presence of functional groups. It is noted that at low pressures, adsorption of NAP 

molecules on the MOF surface performs rapidly because micropores are saturated quickly at low 

pressure, followed by the filling of mesopores. As the pressure increases, adsorption becomes slow 

as the occupied saturated micropores and mesopores limit the process [54].  

 

 

Figure 4: XRD patterns of MIL-101(Cr)-X MOFs 
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Table 2 compares the adsorption capacity of various adsorbents for NAP. It is evident that the 

adsorption capacity of NAP molecules on the MIL-101(Cr) surface are considerable, suggesting 

that the adsorbents are effective for removing NAP molecules from medical waste. Noticeably, it 

is important to note that the difference in the composition of the adsorbent materials and the 

experimental conditions contributes to this difference. Furthermore, MD viws the adsorbent as an 

ideal material, leading to achieving the highest removal capacity. Additionally, experimental and 

simulation studies demonstrate that the surface adsorption capacity decreases when functional 

active groups are added to the MIL-101(Cr) structure, as these groups impede surface adsorption.  

 

 

Figure 5: The NAP adsorption isotherms of MIL-101(Cr)-X 

 

3.3. The adsorption energy 

The distribution of adsorption energy for NAP molecules within the MIL-101(Cr)-OH, MIL-

101(Cr)-NH2, and MIL-101(Cr)-SO3 structures is depicted in Fig. 6. The results reveal a single 

broad peak ranging from -25 to -45 kcal/mol that signifies the adsorption sites for NAP molecules 

in these MOF structures and suggests a strong attraction between NAP and solid porous structures. 

In contrast, the adsorption energy of NAP molecules within MIL-101(Cr)-F shows some variation. 

Its peak show a lower energy and higher intensity compared to the others, indicating limitations in 

the adsorption of NAP molecules within this structure. 
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Table 2: The adsorption capacity of NAP on the surface of the different adsorbents. 

Adsorbents 
Maximum adsorption 

(mg/g) 
Type of 

work 
Refs. 

Cu-MIL-101-Fe 396.5 experimental [55] 

MIL-101(Cr)-(OH)3 156 experimental [28] 

MIL-101(Cr) 112 experimental [56] 

MIL-101(Cr)/ GnO (3%) 171 experimental [56] 

MIL-101-SO3 93 experimental [33] 

MIL-101-NH2 154 experimental [33] 

MIL-101-OH 185 experimental [57] 

MIL-101-NH2 147 experimental [57] 

MIL-53(Al) 297 experimental [37] 

CS@PANT@ZnAl-LDH 

composite 
545.5 experimental [6] 

MIL-101(Cr)-OH 709.9 simulation 
This 

study 

MIL-101(Cr)-F 719.39 simulation 
This 

study 

MIL-101(Cr)-NH2 658.47 simulation 
This 

study 

MIL-101(Cr)-SO3 590.45 simulation 
This 

study 
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Figure 6: The adsorption energy of NAP molecules within different MOF structures. 

3.4. The interaction energy between MOF and NAP 

The interaction energy between MOF and NAP considers both dispersion and electrostatic 

contributions, and is used to describe the affinity of several adsorbates towards the adsorbent. The 

maximum value of the adsorption energy indicates a significant interaction between NAP 

molecules and the MOF surface. Figure 7 illustrates the Eint between NAP molecules and MIL-

101(Cr)-X. It is worth noting that the presence of functional group increases the interaction energy 

between NAP and MIL-101(Cr)-X. Therefore, the best MOF for adsorbing NAP, based on 

adsorption energy, is MIL-101(Cr)-SO3.  
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Figure 7:Interaction energy between NAP and MILs 

 

 

3.5. Fractional free volume  

The fractional free volume (FFV) clears molecules permeate through the membrane. A higher 

FFV% results in increased diffusivity for the molecules [58]. In adsorption applications, not only 

the minimum FFV% but also the size of the adsorbed molecule are important [51]. The simulation 

results of FFV for the MIL-101(Cr)-X membrane, calculated using the "Atom Volumes and 

Surfaces" module in the target package are shown in Fig. 8, with the corresponding FFV values 

listed in Table 1. When comparing the MOFs in this study, which have approximately the same 

density, it can be seen the smaller the FFV% of the MOF, the stronger the attraction between the 

MOF and Naproxen molecules. Therefore, based on the FFV% perspective, MIL-101(Cr)-SO3 is 

considered the best MIL-101(Cr) for attracting Naproxen molecules. Comparing previous section 

demonstrates that the lowest FFV, the strongest interaction is observed. 
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Figure 8: Simulation results of FFV of MIL-101(Cr)-X 

 

 

3.6. Diffusion Coefficient 

The self-diffusion coefficient is directly related to the mean rate of diffusion of NAP molecules 

within the structure and is calculated by determining the slope of the MSD versus simulation time. 

Naproxen is a large molecule involving some oxygen atoms and a benzene ring, which are highly 

prone to hydrogen bond and π–π stacking, respectively. Therefore, the behavior of NAP in the 

MIL-101(Cr)-X MOF structures may be attributed to the strong attraction of NAP molecules to 

the inside surface of these structures or the small size of cavities [9]. Figure 9 displays MSDs of 
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NAP molecules in different MIL-101(Cr)-X MOFs versas time. The results indicate that the least 

MSD of NAP molecules occurres in MIL-101(Cr)-SO3. In other word, the lowest freedom to move 

inside the adsorbent that is in accordance with greatest interation energy. 

Considering the structural properties of the MIL-101(Cr)-X structures in Table 1, MIL-101(Cr)-

SO3, with the highest specific surface area and lowest FFV does not readily allow NAP molecules 

to diffuse easily. However, MIL-101(Cr)-NH2, with a density and FFV of 0.487 g/cm3 and 81.29%, 

respectively, has suitable porosity and cavity size, making it conducive to permeate NAP. The low 

MSD of NAP molecules in the MOF is due to the strong interactions between the NAP molecules 

and MIL-101(Cr)-SO3 atoms while MIL-101(OH) and MIL-101(F) exhibit almost the same MSD 

with similar FFV% and adsorption capacities. 

 

 

Figure 9: MSD of NAP molecules in the different MIL-101 structures 

 

Figure 10 illustrates the impact of MOFs’ porosity on the diffusion coefficient by demonstrating 

the correlation between the diffusion coefficient of NAP molecules and FFV%. The observations 

indicate that as the FFV% of the MIL-101(Cr) structure increases, signifying higher porosity, the 

diffusion coefficient of NAP molecules also increases. Specifically, the results depicted  in Figure 

10 reveal that when active functional groups are present, MIL-101(Cr)-SO3 outperforms MIL-

101(Cr)-NH2 in capturing NAP molecules and effectively removing them from the solution. 
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Figure 10: The diffusion coefficient NAP in the different MOF structures versus FFV%. 

 

Table 3 compares the adsorption capacity and diffusion coefficient of various materials in the MIL-

101(Cr) adsorbent. It is important to note that both properties MIL-101(Cr) depend on the size of 

the sorbent, its composition, and its active functional groups containment. Specifically, the 

absorption capacity of NAP in MIL-101(Cr)  is lower compared to other adsorbed substances due 

to the large size of the Naproxen molecule. 

 

 

 

Table 3: The adsorption capacity and diffusion coefficient of different materials in MIL-101(Cr) 

Structures 
Specific surface 

area (m2/g) 

Adsorption capacity 

(mg/g) 

× 10−10 (m2/s) 

diffusion 
Refs. 

Terephthalic 

acid 3284.80 1585.02 12.100 [9] 

water 3298.00 1440.00 0.670 [39] 

Ethyl Acetate 3446.00 880.00 1.927 [59] 

MIL-101(Cr)-F
MIL-101(Cr)-OH

MIL-101(Cr)-

NH₂

MIL-101(Cr)-SO₃

78.5

79

79.5

80

80.5

81

81.5

82

82.5

83

1.088 1.064 0.606 0.056

F
F

V
%

Diffusion coefficient of NAP (×10⁻¹⁰ (m²/s))
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Benzene 3054.00 1171.56 0.004 [60] 

Toluene 3368.00 397.69 0.294 [61] 

Naproxen 3918.84 553.05 1.064 

This 

study 

3.7. The affinity between NAP molecules and different atoms of MIL-101(Cr)s 

The radial distribution function (RDF) shed lights on the adsorption sites. RDFs between NAP 

molecules and different atoms of MIL-101(Cr) were calculated for this purpose. Figure 11 displays 

the RDFs of NAP molecules around Cr, O, C, F, S, and N atoms of MIL-101(Cr)-X. For all the 

target MOFs, a sharp peak between 0.37 nm and 1 nm was observed in Figure 11a that indicates 

the surface potential shown by the unsaturated positions of Cr atoms has a strong affinity for NAP 

molecules. Additionally, MIL-101(Cr)-SO3 has a peak located at 0.52 nm, suggesting that NAP 

molecules bind to Cr atoms according to Lewis’ rule due to the sturdy quadrupole moment. 

In Figure 11b, for MIL-101(Cr)-OH, MIL-101(Cr)-F, and MIL-101(Cr)-NH2 a slightly broad peak 

(between 0.3 nm and 1.1 nm) is observed, indicating an affinity between NAP molecules and the 

oxygen atoms of these MOFs, although weaker than with chromium atoms. A broader peak 

(between 0.3 nm and 1.4 nm) is seen for MIL-101(Cr)-SO3, suggesting a weaker affinity due to 

the hindrance caused by the large size of the sulfonic group (SO3).  

Figure 11c shows the attraction between Naproxen molecules and carbon atoms of the MIL-

101(Cr). A broad peak between 0.5 nm and 1.5 nm is observed for all MIL-101(Cr)-X solids, 

indicating a weak affinity between NAP molecules and carbon atoms. In Figure 11d, sharp peaks 

at 2.15 Å are seen for both MIL-101(Cr)-F and MIL-101(Cr)-NH2, indicating a strong interaction 

and preference for adsorption on these MOFs. The peak for MIL-101(Cr)-F is stronger, suggesting 

greater adsorption capacity and interaction energy compared to MIL-101(Cr)-NH2. 

Aside from oxygen, carbon, and chromium atoms, sulfur atom in MIL-101(Cr)-SO3 and nitrogen 

atom in MIL-101(Cr)-NH2 also attract NAP molecules. The RDF of NAP-S (Figure 11e) and NAP-

N (Figure 11f) show a first peak with high intensity located at 4.25 Å and 2.49 Å, respectively. 

This indicates that MIL-101(Cr)-NH2 has a greater adsorption capacity than MIL-101(Cr)-SO3, 

consistent with the results of MSD and adsorption isotherm. However, MIL-101(Cr)-SO3 has a 

strong peak at 4.25 Å, indicating greater interaction energy with NAP molecules compared to MIL-

101(Cr)-NH2, likely due to acid-base interaction between the SO3 group and naproxen molecules. 
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4- Conclusion 

In this study, molecular dynamic simulation was carried out to investigate the adsorption properties 

of Naproxen molecules on MIL-101(Cr)-X and the effect of activated functional groups including 

OH, F, NH2 and SO3 on Naproxen adsorption was under investigation. The molecular dynamics 

study considers the adsorbent as an ideal material, allowing for a detailed description of the 

adsorption process. The simulation results indicate that the lower fractional free volume of MIL-

101(Cr) led to porosity, resulting in a higher removal capacity of NAP from aqueous solution. The 

RDF results demonstrate that Naproxen molecules energetically preferred to be adsorbed on MIL-

101(Cr)-SO3 and MIL-101(Cr)-NH2 due to strong interactions between S and N atoms in these 

MOFs and Naproxen molecules. Additionally, Naproxen molecules exhibit Lewis rule-bound 

behavior with Cr atoms, attributed to a sturdy quadrupole moment. MIL-101(Cr) showed 

promising results in attracting and removing Naproxen, suggesting potential for improved 

efficiency by combining MIL-101(Cr)-X with other formulations such as polymers, carbon 

nanotubes, graphene oxide, ete. 
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Figure 11: Radial distribution function of (a): NAP-Cr (b): NAP-O (c): NAP-C (d): NAP-F (e): NAP-S in MIL-

101(Cr)-SO3 and (f): NAP-N in MIL-101(Cr)-NH2. 
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