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Highlights 

 High porous and crystalline MIL-88(Fe) and NH2-MIL-88(Fe) MOFs. 

 Effective adsorption of Chrysene in aqueous solution onto the MOFs 

 Shorter equilibration time of 25 minutes. 

 Easy regeneration and re-usability of the MOFs for the chrysene adsorption. 

 Molecular docking simulations for binding interactions between the MOFs with the 

CRY. 

 

Abstract 

MIL-88(Fe) and NH2-MIL-88(Fe) metal-organic frameworks were synthesized using the 

microwave-assisted solvothermal method and were characterized using scanning electron 

microscopy (SEM), Brunauer Emmett Teller (BET),  powdered X-ray diffraction (XRD) and 

Fourier transformed infrared (FTIR) spectroscopy. Relatively high surface areas with 

corresponding pore volumes of 1240 m2 g-1 and 0.7 m3 g-1, 941 m2 g-1 and 0.6 m3 g-1  were found 

for MIL-88(Fe) and NH2-MIL-88(Fe), respectively. The MOFs were evaluated as adsorbent for 

the removal of chrysene (CRY) in water.  Important parameters that affect the adsorption such as 

contact time, initial concentration of CRY, pH and temperature were systematically studied. 

Adsorption isotherms using Langmuir, Freundlich and Temkin models were investigated. Other 

details of the adsorption process were also studied using kinetics and thermodynamics approaches. 

Additionally, molecular docking was used to unravel the nature of the adsorption between the 

MOFs and CRY. The reusability of the adsorbents was evaluated using regeneration studies. In 

conclusion, these MOFs exhibit favorable characteristics to be used for the removal of CRY from 

water.    
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1.0 Introduction 

Water contamination from pollutants resulting from natural and anthropogenic sources has 

been a topic of environmental concern for the last three decades. Organic pollutants resulting from 

industrial, mining and agricultural activities are often discharged into the water bodies and vast 

majority of them are highly toxic to humans, plants, and other living organisms [1,2]. 

Polycyclic aromatic hydrocarbons (PAHs) are among the toxic organic pollutants that are 

classified as endocrine disruptors. They comprise of two or more benzene ring molecules, forming 

highly stable structures [3,4]. Their wide occurrence in the environment are the consequences of 

human activities as a result of rapid industrialization, urbanization, and energy demand. They are 

generated through anthropogenic processes such as crude oil, exploration, incomplete combustion 

of petroleum and petrochemical products, coal, coke and carbon black production, wastewater 

discharge from petrochemical plants,  leakage of engine oil, among others [5,6,7]. Chrysene (CRY, 

Fig 1) is a four-membered benzene ring  PAH with a half-life of around 371-381 days [8]. It has 

been detected in various environmental samples in different parts of the world. Higher 

concentration of CRY (53,157 ± 20 mg kg-1) was reportedly found in foam waste released from an 

aluminum industry [9].  The incidence of PAH in drinking water has raised much concern over 

decades due to its adverse health effects on living organisms. It binds with human DNA, resulting 

in carcinogenic and mutagenic reactions that are associated with severe health effects such as lung 

cancer, and reproductive defects [10,11,12].  
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Fig 1. Chemical structure of chrysene 

Wastewater remediation technologies over the last three decades have been dominated by 

coagulation, flocculation, and bioremediation  [13,14]. However, incomplete removal, together 

with the formation of toxic secondary pollutants are often encountered [15]. Of the various 

technologies, adsorption has been identified as the best alternative practice [16,17]. Adsorbents 

materials such as biomass [19-22] activated carbons [23-25], polymers, biopolymers and 

molecularly imprinted polymer materials  [26,21], graphene and graphene oxide [28-31],  clay and 

modified clay minerals [32,33], carbon nanotubes [34-37], silica-based materials [38,39] have 

been extensively studied as possible replacement to the conventional adsorbents for wastewater 

remediations. The application of mussel inspired chemistry to modify the adsorbents to improve 

the adsorption capacity has also been proposed [40-42]. 

Metal-organic frameworks (MOFs) are ultra-high porous and high crystalline materials, 

consisted of inorganic and organic parts; with metal ions as the central atom and the organic 

moieties as the linkers. They formed frameworks of high tunability with sufficient number of pores 
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and cavities [43-45]. The diversity in the design of the frameworks and different synthesis routes, 

together with the chemical stability of the materials render them versatile for various applications 

[46,47].  MOFs containing iron as metal node (e.g., Fe-BTC, MIL-53(Fe), and MIL-68(Fe)) [48], 

offered remarkable high porosity, thermal and chemical stability, as well as moisture resistance. 

Thus, they could be employed as potential adsorbent materials for the removal of organic 

pollutants in wastewater.  

In this work, we reported highly porous and stable Fe-based MOFs, i.e., MIL-88(Fe) and 

NH2-MIL-88(Fe) as adsorbents for the removal of CRY in water. CRY was chosen as model 

analyte because of its adverse environmental impacts and toxicity to humans. Various factors 

affecting the adsorption; kinetics, isotherms, and thermodynamics of the process were evaluated. 

Possible reusability of the MOFs was also studied. Theoretical modeling of the interactions of the 

MOFs with the CRY was conducted using molecular docking tools.  

2.0 Experimental Section 

2.1 Chemicals and Materials 

All chemicals used in this work were of analytical grade and were used as received. Iron 

(III) chloride, terephthalic acid, amino terephthalic acid and CRY were purchased from Sigma 

Aldrich (USA). Dimethylformamide (DMF), methanol, sodium hydroxide, and hydrochloric acid 

were supplied by Avantis Laboratory Malaysia.  

2.2 Methodology 

2.2.1 Synthesis of MIL-88(Fe) and NH2-MIL-88(Fe) 
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The procedure for the synthesis of MIL-88(Fe) as described by Xu., et al., 2016 [49]  was 

used in this work with minor modifications. It involved dissolving FeCl3·6H2O (0.8109 g, 3 mmol) 

and terephthalic acid (0.49839 g, 3 mmol) in  50 mL of DMF with vigorous stirring and sonication 

for 15 minutes and 10 minutes respectively. The solution was capped in a vial and placed in a 

microwave oven (140 watts) at 150℃ for 15 min. Cooling at room temperature resulted in the 

formation of brownish particles which were isolated by centrifugation at 4000 rpm for 10 minutes. 

The product formed was then washed with ethanol and deionized water to remove the organic 

solvents.  Finally, it was dried at vacuum overnight at 70 °C. 

 Similar method was used in the synthesis of NH2-MIL-88(Fe), by substituting the organic 

linker to amino terephthalic acid. 

2.2.2. Characterizations  

The synthesized MOFs were characterized using Fourier transformed infrared (FTIR) 

(Perkin Elmer FTIR spectrometer) for functional groups, scanning electron microscopy (SEM)  for 

morphology and surface elemental determination (ZEISS, Ultra 55). N2 adsorption-desorption 

(Micromeritics ASAP 2020) was used for BET surface area and pore volumes, powdered X-ray 

diffraction (XRD) (Bruker D8 Advance X-ray diffractometer) for crystallinity determination and 

thermogravimetry (Shimadzu TGA-50 Analyzer) for thermal stabilities. 

2.3 Removal Experiment 

2.3.1 Preparation of CRY solutions Jo
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Stock solution of  CRY (20 mg L-1) was prepared in acetone by dissolving 2 mg in 100 mL 

volumetric flask. It was kept in the refrigerator at 0 °C before use. Working solutions were prepared 

daily by diluting the required amount of the stock solution. 

2.3.2 Batch adsorption study 

Batch removal experiment was conducted by using 30 mL of CRY solution (4 mg L-1) in 

a conical flask. The synthesized MOF (5 mg) was added to the solution and agitated at 200 rpm in 

an incubator shaker (Incubator ES 20/60, bioSan) at room temperature (25 °C).  About 2 mL 

aliquot of the sample solution was collected at 5 minutes interval, filtered using nylon syringe 

membrane (0.4 m) and the absorbance read at 374 nm with UV-visible spectrophotometer 

(GENESYS 30). Triplicate results were taken, and the average value was calculated. 

The percentage removal (%R), quantity adsorbed at certain time interval (qt), and quantity 

at equilibrium (qe) were determined as follows: 

%R = 
C0−Ce

C0
 × 100                                                                                                                          (1) 

qt =  
(C0−Ct)V

w
                                                                                                                               (2)                                                                                   

 qe =  
(C0−Ce)V

w
                                                                                                                               (3) 

where C0, Ct, and Ce are the initial, time and equilibrium concentrations (mg L-1), w is the 

adsorbent weight (g), and  V is the volume of CRY used (L). 

Different initial concentrations of CRY (1-5 mg L-1) were studied. The amount of the 

adsorbents used were 5 mg  and all other conditions were maintained. Similarly, the effect of the 
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pH of the solution (2-12) was investigated. CRY (4 mg L-1) and MOF (5 mg) were used. The effect 

of temperature (25-45 °C) was studied under the same conditions to batch adsorption studies. 

Regeneration of the adsorbents and their reusability were also studied. The adsorbents were 

regenerated after used by decanting the filtrate and washing the residual particles with absolute 

ethanol (100 mL) and distilled water, followed by vacuum drying for 3 hours at  100 0C.  

2.4 Adsorption Isotherms 

Isotherms according to the Langmuir, Freundlich and Temkin  models were used to elucidate 

the interaction between the MOFs with CRY.   

2.4.1. Langmuir isotherm 

This model accounts for the effect of monolayer adsorption onto the adsorbent surface of a 

finite number of identical sites. It assumed that: (i) there is negligible force of interactions between 

the adsorbate molecules with the adsorbent, (ii) Occupation of adsorption sites leads to no further 

adsorptions, (iii) only specific homogenous adsorption sites  of the adsorbent interacts with the 

adsorbent molecules, and (iv) adsorption became less efficient when the distance between the 

adsorbent and the adsorbate molecules became wider. It is mathematically expressed as [50]: 

Ce

qe
=

1

KLqm
+

1

qm
Ce                                                                                                                      (4) 

RL =  
1

1+CoKL
                                                                                                                              (5) 

where Ce is the concentration at equilibrium (mg g-1), qe is the quantity of CRY adsorbed 

at equilibrium (mg g-1), qm and KL are constants representing the adsorption capacity and 

adsorption energy respectively. RL (dimensionless) parameter explains the favorability of the 

adsorption process (RL >1, unfavorable; 0 < RL < 1, favorable; RL = 1, linear).  
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2.4.2. Freundlich isotherm 

This model explains non-identical adsorbent with heterogeneous surfaces. It gives a 

satisfactory description of the adsorption system with heterogenous surface energy. The model is 

expressed as: 

log(qe) = logKF + 
1

nF
log Ce                                                                          (6) 

KF is the Freundlich isotherm constant which represents the adsorption capacity. The value 

1/nF, represents the adsorption intensity.  

2.4.3. Temkin isotherm 

This model considers indirect interaction between adsorbate molecules and the adsorbent 

and explains how the heat of adsorption decreases with coverage.  

Mathematically it is given as: 

    qe =
RT

bT
InATCe                                                                                                                      (7)                                                                                                     

bT  represents the Temkin heat of adsorption, (kJ mol-1). A is the binding constant at 

equilibrium corresponding to the maximum binding energy (L g-1). T is the absolute temperature 

(K), while R is the Universal gas constant (8.314 J mol-1 K-1).  

These models were further fitted using statistical regression analysis to determine the 

coefficient of determination (R2), adjusted coefficient of determination (R2 adj), root means square 

error (RMSE) and Akaike information criterion (AIC) [51]: 

R2 = (
∑ (qi exp−qi exp)2 −∑ (qi exp−qi exp )2i

n
i
n 

∑ (qi exp−qi exp)2i
n

)                                                                               (8) 
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R2adj = 1 − (1 − R2)(
n−1

n−p
).                                                                                                   (9) 

RMSE =  √∑ (qi exp − qi model )2i
n=1                                                                                     (10) 

AIC = nln (
SSE

n
) +  2np +

2np(np+1)

n(np+1)
                                                                                      (11) 

The qe exp is the adsorption capacity that is determined experimentally, while the qe exp 

is the average experimental qe. The qe model is the calculated adsorption capacity generated from 

the model, n represents the number of experimental points, and p is the number of parameters of 

the fitted model. 

2.5 Kinetics Study 

Kinetics study is employed to explain the mechanism as well as the rate-controlling step 

which determine the efficiency of the adsorption [52]. In this study, the three most important 

kinetic models; i.e., pseudo-first-order, pseudo-second-order, and intra-particle diffusion were 

considered. The equations to represent the models are expressed by as follows [53,54]: 

2.5.1 The pseudo-first-order kinetic model 

 qt =  qe(1 − exp(k1t))                                                                                                           (12) 

The qe and qt (mg g-1) in the equation represent the amount of the CRY adsorbed at equilibrium 

and certain time (minutes), respectively.  The k1 (min-1) is the pseudo-first-order rate constant.  

2.5.2 The pseudo-second-order kinetic model 

qt =  
t

(1 k2q2)2 +(
t

q2
)⁄
                                                                                                                       (13) 
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Where k2 (g mg-1min-1) is the pseudo-second-order rate constant.  

2.5.3 Intra-particle diffusion model 

qt =  KPt
1
2 + C                                                                                                                             (14) 

Where KP (mgg-1min-1) is the intra-particle diffusion rate constant [55].  

2.6 Thermodynamics study 

The thermodynamics study provides information about the nature of the adsorption process 

with temperature changes. The parameters involved includes; Gibbs free energy change (G°), 

enthalpy change (H°) and entropy change (S°) of the adsorption process. They were calculated 

from the equations [56]:   

G° =  −RTInKC                                                                                                                       (15) 

G° =  H° − TS°                                                                                                                   (16) 

where Kc is the distribution coefficient which represents the ratio of the quantity of CRY 

at the surface of the MOFs materials (Cads) to equilibrium concentration (Ce) of the CRY. 

 

 

2.7 Molecular Docking simulation 

Molecular docking is a simulation tool to measure the interaction between molecules that 

formed complexes. In this study, the interactions of the MOFs as the primary molecules with the 

CRY as the guest molecule is modeled.  The crystal structure of MIL-88(Fe) and NH2-MIL-88(Fe) 
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were obtained from Cambridge Crystallographic Data Centre (CCDC) and the CRY was retrieved 

from Automated Topology Builder (ATB) server [57]. The MIL-88(Fe) and NH2-MIL-88(Fe) 

were modeled as a single unit cell and the CRY molecule was optimized by DFT method at 

B3LYP/6-31G* level of theory. All the molecules were prepared and saved as PDBQT file format 

to be further used for docking calculation. 

The docking simulation was performed using AutoDock 4.2 software by running the 

Autogrid and AutoDock calculation. In Autogrid, CRY molecule was introduced into MIL-88(Fe) 

and NH2-MIL-88(Fe) cavity. A grid box of 90 x 90 x 90 Å and 80 x 80 x 80 Å with a grid spacing 

of 0.425 Å were generated for MIL-88(Fe) and NH2-MIL-88(Fe) respectively, to cover the entire 

surface of MOFs. To identify the appropriate binding modes and conformation for CRY molecule,  

the Lamarckian Genetic Algorithm (LGA) [58] from MGLTools was employed. Both MOFs were 

kept as a rigid framework and CRY was set as flexible around the surface of the MOFs during the 

conformational search. The binding energies between MIL-88(Fe) and NH2-MIL-88(Fe) with 

CRY were calculated in AutoDock. The lowest energy conformer was selected. 

 ΔGbind =   ΔGVDW +  ΔGelectrostatic +  ΔGHBond +  ΔGdesolv +   ΔGtor                                 (17) 

where  ΔGVDW refers to van der Waal energy,  ΔGelectrostatic refers to electrostatic energy,  

 ΔGHBond represent hydrogen bonding energy,  ΔGdesolv represents desolvation energy and 

 ΔGtor is torsional free energy. 

The inhibition constants (𝐾𝑖) were calculated by the following equation: 

Ki = e(
ΔGbind

RT
)
                                         (18) 

3.0 Results and Discussions 
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3.1 Characterizations of MIL-88(Fe) and NH2-MIL-88(Fe) 

The FTIR spectra of the two MOFs were similar, except for the presence of peaks at 3500 

cm-1 and 3200 cm-1  for MIL-88(Fe) which was attributed to the N-H stretching of the amino group 

in amino terephthalic acid (Fig 2). The sharp peak at 1656 cm-1 is due to the C=O bond in the 

linkers of the MOFs. The peaks at 1396 cm-1 is assigned to symmetric vibrations of C-O of the 

carboxyl group in both MIL-88(Fe) and NH2-MIL-88(Fe) [59][59][59]. Peaks at 683 cm-1 are 

assigned to the in-plane and out plane bending of -COO groups in the organic linkers of the MOFs. 

Bending vibrations due to O-Fe-O in the MOFs were observed at 516 cm-1 [60].  
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         Fig 2. FTIR spectrum of (a) MIL-88(Fe) and (b) NH2-MIL-88(Fe) MOFs 

The SEM images of the MOFs are shown in Fig 3(a-b). Spindle-like particles can be seen 

on the surfaces of the MOFs. No changes in the structural morphology of both MOFs was found 

even when exposed for 2 days under strong acidic condition (pH 1) as shown in Fig 3(c-d). The 

spindle like-shape is typical of highly crystalline Fe-based MOFs such as MIL-53(Fe) [61] and 

MIL-101(Fe) [62]. The surface elemental compositions  depicted by EDX  results is shown in Fig 

4. Both contained C, O, and Fe. However, the N peak of the amine functional group in NH2-MIL-

88(Fe) was not observed. It could have been shielded by C atoms in the organic linker. Trace 

amount of Cl observed at the surface of the MOFs could be due to the metal-salt that does not 

precipitate out during synthesis.  

XPS results revealed that the surface of the MOFs contains iron (Fe2p), carbon (C1s) and 

oxygen (O1s).  Additionally,  nitrogen (N1s) peak  was observed at the surface of NH2-MIL-88(Fe) 

due to its amine functional group.  The two MOFs have similar XRD pattern (fig S1), showing 

their high crystallinity that are typical of the Fe-based MOFs as previously reported [63]. 
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Fig 3. SEM images of as-synthesized MIL-88(Fe) and  NH2-MIL-88(Fe) (a and b) (5 KX),  

and (c-d) when exposed to pH 1 conditions for two days (10 KX) 
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Fig 4. EDX spectrum of (a) MIL-88(Fe) and (b) NH2-MIL-88(Fe) 

 

    Fig 5. XPS spectrum of (a) MIL-88(Fe) and (b) NH2-MIL-88(Fe)         
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Results for the surface areas, pore volumes, and pore sizes are shown in table 1, depicting 

the typical characteristics of porous materials.  The higher BET surface area and pore volumes of 

MIL-88(Fe) compared to NH2-MIL-88(Fe) is probably due to the amine group in NH2-MIL-88(Fe) 

which occupies some of the empty spaces in the MOF. 

3.2 Removal Studies 

Good adsorbent materials are expected to achieve higher removal of the adsorbates even 

at lower dosage within the shortest possible time. As depicted by fig 6, rapid removal was achieved 

in 25 minutes with the MIL-88(Fe) and NH2-MIL-88(Fe) MOFs (%R, 98.9±1.83 and 95.2±1.0% 

respectively). The adsorption capacities for  MIL-88(Fe) and NH2-MIL-88(Fe) were 23.6±0.001 

and 22.2±0.001 mg g-1, respectively. The higher  adsorption capacity of MIL-88(Fe) MOF was 

probably due to its higher surface area as compared to the NH2-MIL-88(Fe). 
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Fig 6. Effect of contact time for the adsorption of CRY onto the MIL-88(Fe) and NH2-MIL-

88(Fe) MOFs (4 mg L-1 CRY concentration, 5 mg of MOF,  25±0.1 °C and 200 rpm) 

Jo
ur

na
l P

re
-p

ro
of



 19 

 

Fig 7. Adsorption of CRY at various concentrations onto the MIL-88(Fe) and NH2-MIL-88(Fe) 

MOFs (1-5 mg L-1 of CRY, 5 mg of the MOF at 25±0.1 °C and 200 rpm) 

The removal efficiency for different concentrations (1-5 mg L-1) of CRY is shown in Fig 

7.  The %removal by MIL-88(Fe) was from 97.3±1.0 to 99.9±0.0% and for NH2-MIL-88(Fe) was 

from 93.8±3.2 to 97.7±0.0%  At 4 mg L-1, the % removals were 98.9±1.8 and 95.2±1.0 % for MIL-

88(Fe) and  NH2-MIL-88(Fe) respectively. Thus, for the rest of the study, 4 mg L-1 was arbitrarily 

chosen as the initial concentration of CRY. 
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The pH of the solution at which adsorption occurs plays an important role in the 

determination of adsorption efficiency. The pH influence on the adsorption study is illustrated in 

Fig 8. The removal efficiency was more favored by acidic pH for both MOFs. Previously, Sponza 

et al., (2011) and Abbasi et al., (2014) also reported higher removals of PAHs at acidic pH [38,39]. 

This was explained by the protonation of the PAHs molecules at acidic medium despite being 

neutral species.  

 

Fig 8.  Effect of pH on the adsorption of CRY onto the  MIL-88(Fe) and NH2-MIL-88(Fe) MOFs 

(4 mg L-1 of CRY, 5 mg of the MOF at 25±0.1 °C and 200 rpm) 
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From the plot of the qe (mg g-1) against T(K), the removal efficiency of CRY by both MOFs 

decreased at higher temperatures. This behavior is attributed to the decreased in  surface coverage 

as the temperature is increased. Also, the lower adsorption capacity at higher temperature implies 

that the process is exothermic. 

 

 Fig 9. Effect of temperatures on the adsorption of CRY onto the  MIL-88(Fe) and NH2-MIL-

88(Fe) MOFs (4 mg L-1 of CRY, 5 mg of the MOF at 25±0.1 °C and 200 rpm) 

3.4 Isotherms studies 

The adsorption isotherm models for the two MOFs are shown in fig 10. The values of the 

parameters are highlighted in table (S1). Langmuir model was the best to explain the good 

interactions of the adsorbate molecules with the MOFs based on the values obtained and the 
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regression analysis. The RL values obtained were less than unity, (0.080 and 0.23) for MIL-88(Fe) 

and NH2-MIL-88(Fe), respectively, which implies the favorable nature of the adsorption process. 

It was previously reported that π- π interactions and Van der Waals forces were the predominant 

driving force for the adsorption   of aromatic compounds such as phenols and that both Langmuir 

and Freundlich were suitable to describe their isotherm behavior [66,67].  

 

Fig 10. Isotherm plots for the removal of CRY by the MOFs,   (a) Langmuir, (b) Freundlich and 

(c) Temkin. 
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3.5 Kinetic studies 

Adsorption kinetic parameters using the various models are shown in Table 2. The pseudo-

second-order model best supports the adsorption data with better coefficient of determinations 

(R2),  and root mean square errors (RMSE).  Also, the calculated qe (mg g-1) values are closer to 

that of the experimental [68]. The intra-particle model explains the rate at which the adsorption 

takes place. In fig (S3), two basic steps could be seen. The first step is faster, depicting the external 

diffusion of the CRY molecules onto the surfaces of the MOFs. The second step is relatively 

slower, and it is attributed to the CRY adsorption onto the internal pores of the MOFs.  

3.6 Thermodynamics studies 

Thermodynamic parameters, namely  Gibbs free energies (G°), enthalpy changes (H°) 

and entropy changes (S°) explain the nature of the adsorption process. As highlighted in table 3, 

the G° values obtained at various temperatures are negative and increased with temperatures. For 

MIL-88(Fe), the H° and  S° values are -28.31 KJ mol-1 and  -57.86 J mol-1 K-1, respectively. 

Similarly, for the NH2-MIL-88(Fe), the corresponding values for the H° and  S° are 15.18 KJ 

mol-1 and  -20.69 J mol-1 K-1 , respectively. The negative values for all the parameters confirmed 

the exothermic and favorable and spontaneous nature of the adsorption process at lower 

temperatures [69].  
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3.7 Adsorbent regeneration and reuse 

The ease in recovery of the MOFs after the successful completion of the batch adsorption 

experiments demonstrates their potential as adsorbent for the removal of CRY. The % R achieved 

by MIL-88(Fe)  at the 5th cycle was 84.9±3.77 % compared to 80.3±2.40% . for NH2-MIL-88(Fe)  

 

  Fig 11. Regeneration studies for the adsorption of CRY by the MOFs 

3.8 Comparison with other adsorbents 

 Table 4 compares the pertinent characteristics of adsorbents that had been reported for the 

removal of CRY from water. It is readily apparent from the table that the MOFs exhibit superior 

%R (95.2±1.00 and 98.9±1.83%), for MIL-88(Fe) and NH2-MIL-88(Fe) respectively. The 

Jo
ur

na
l P

re
-p

ro
of



 25 

equilibrium time was short  (25 mins) and the adsorbents can be easily regenerated. It must be 

pointed out that regeneration studies were not discussed in most of the reported articles. Maximum 

adsorption capacities (Q max) is also provided, although direct comparison is not possible due to 

the differences in experimental conditions that were used by the authors. 

3.8 Molecular interactions 

Molecular docking calculation was modeled to find the fundamental and theoretical 

interactions between the MIL-88(Fe) and NH2-MIL-88(Fe) MOFs with the CRY molecule. The 

binding energy, intermolecular energy, and the inhibition constant are highlighted in Table S2. 

The binding energy represents the strength and stability of the inclusion complex formed between 

the CRY molecules with the MOFs. The higher negative value of binding energy implies the 

highest stability of the inclusion complex. The most stable structure was observed between MIL-

88(Fe) and CRY with binding energy ( 𝛥𝐺𝑏𝑖𝑛𝑑) of -3.82 Kcal mol-1 compared to -3.80 Kcal mol-1 

for NH2-MIL-88(Fe). Similarly, the inhibition constant obtained for MIL-88(Fe)(CRY) was 

slightly lower (1.58 mM) than that of NH2-MIL-88(Fe)(CRY) (1.65 mM). This observation 

implies that MIL-88(Fe) has a slightly  higher binding affinity towards CRY molecule. This was 

further supported by the higher BET surface area and pore size of MIL-88(Fe) as shown in table 

1. The addition of an amine-functional group in NH2-MIL-88(Fe) might occupy the available space 

inside the pristine MIL-88(Fe) adsorbent [73].  

The corresponding lowest energy conformer of docking structures for MIL-88(Fe)(CRY) 

and NH2-MIL-88(Fe)(CRY) were obtained and depicted in Fig 12 and 13 respectively. Notably, 

the CRY molecule prefers to bind inside MIL-88(Fe) pore as the CRY molecule intrudes the pore 

conspicuously (fig 12). On the contrary, in the case of NH2-MIL-88(Fe), the CRY molecule 
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favorably binds along the outer space of the pores (fig 13). This difference in preferable adsorption 

site occupied by CRY molecule might be due to the bigger pore size of MIL-88(Fe) (12.5 nm) than 

NH2-MIL-88(Fe) (8.8 nm). There is no hydrogen bonding interaction observed between CRY 

molecule with both MIL-88(Fe) and NH2-MIL-88(Fe) adsorbent respectively, due to the non-polar 

site of CRY molecule. It is noteworthy to point out that both MIL-88(Fe) and NH2-MIL-88(Fe) 

adsorbents exhibit  effective adsorption of CRY. All the docking simulation results are consistent 

with the experimental findings. 
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Fig12. The molecular docking structure of MIL-88(Fe)(CRY) complex at (a) Top view (b) Side 

view) (c) Zoom view. Metal (Fe), carbon (C), and oxygen (O) are colored as yellow, green, and 

red respectively. 

 

Fig 13. The molecular docking structure of NH2-MIL-88(Fe)(CRY) complex at (a) Top view (b) 

Side view) (c) Zoom view. Metal (Fe), carbon (C), oxygen (O) and nitrogen (N) are colored as 

yellow, green, red and blue respectively. 
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4.0 Conclusions 

Fe-based MOFs MIL-88(Fe) and NH2-MIL-88(Fe) have been synthesized via microwave-

assisted solvothermal method. Surface morphology shows the spindle-like particles at the surface 

of the MOFs. The BET surface area of MIL-88(Fe) and NH2-MIL-88(Fe) were 1240  and 941 m2 

g-1, while the corresponding pore volumes were 0.7 and 0.6 m3 g-1 respectively. High crystallinity 

of the frameworks was demonstrated by the XRD patterns. Adsorption of CRY onto MIL-88(Fe) 

was found to be of 98.9±1.83, while that of NH2-MIL-88(Fe) was found to be 95.2±1.00%. The 

regeneration and reusability of the MOFs onto CRY adsorption is reflected by the %R of 84.9±3.77 

and 80.3±2.389% by the MIL-88(Fe) and NH2-MIL-88(Fe) respectively, at the 5th cycles.  The 

kinetics and isotherms studies were more favored by the  pseudo-second-order and Langmuir 

models respectively, suggesting the good adsorption capacity of the MOFs. Thermodynamic data 

reveal the exothermic nature of the overall process.  Molecular docking simulations predicted 

better interactions between CRY and MIL-88(Fe) MOF which was well agreed with the 

experimental findings. In comparison to previous reports in the literature, the MOFs were proven 

to be clearly superior especially in terms of rapid equilibration (25 minutes), %  R (95.2 - 98.9%) 

and ease of regeneration.  In summary, MIL-88(Fe) and NH2-MIL-88(Fe) MOFs are promising 

adsorbents that deserve serious consideration for the effective removal of environmental pollutants 

such as CRY.  
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Table 1: Surface area, pore volume and pore size of MIL-88(Fe) and NH2-MIL-88(Fe) MOFs 

Properties MIL-88(Fe) NH2-MIL-88(Fe) 

BET surface area (m2 g-1) 1242 941 

Micropores surface area (m2 g-1) 761 749 

Pore volume (m3 g-1) 0.7 0.6 

Particle sizes (nm) 12.5 8.8 
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Table 2: Kinetics parameters for the adsorption of CRY onto the MOFs 

Kinetic Models  MIL-88(Fe) NH2-MIL-88(Fe) 

 qe,exp (mg g-1) 23.60 22.2 

Pseudo-first-order model qe,cal (mg g-1) 7.129 1.538 

 K1 (min-1) 1.109 1.167 

 R2 0.573 0.502 

 R2 adj 0.512 0.431 

 RMSE 5.086 4.818 

 AIC 31.017 30.040 

Pseudo-second-order model qe,cal (mg g-1) 21.876 20.450 

 K2 (g mg-1 min-1) 0.006 0.005 

 R2 0.996 0.998 

 R2 adj 0.998 0.998 

 RMSE 0.037 0.028 

 AIC -57.443 -62.315 

Intra-particle diffusion model Kp (mg-1 g-1 min1/2) 0.80 0.66 

 C 10.31 9.91 

 R2 0.573 0.502 

 R2 adj 0.512 0.431 

 RMSE 5.086 4.818 

 AIC 31.017 30.040 
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Table 3: Thermodynamic parameters for the adsorption of CRY onto the MOFs 
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Table 4: Comparisons of various adsorbents materials used for the removals of CRY  

Adsorbent 

materials 

Equilibrium 

time 

Q max (mg g-1) Percentage 

removal 

Reference 

Powdered activated 

carbon  

15 minutes Not mentioned 66.5 [70] 

Nanoporous 

polymeric material  

3 hours 4.89  90.0 [71] 

Commercial 

activated carbon 

3 hours 0.78  60.0 [71] 

Coastal sand 28 days 1.95 x 10-3  56.7 [72] 

MIL-88(Fe) MOF 25 minutes 23.6±0.001  98.9 This work 

NH2-MIL-88(Fe) 

MOF 

25 minutes 22.2±0.001  95.2 This work 
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