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Abstract 

Controllable synthesis of Metal-organic frameworks (MOFs) with well-defined morphology, composition and size is of great importance 

towards understanding their structure-property relationship in various applications. Herein, the effect of morphology of photocatalysts 

on their optical behavior and photocatalytic efficiency was identified utilizing physical synthetic parameters for methylene blue removal. 

For this purpose, MIL-53(Fe) was fabricated as an efficient photocatalyst via solvothermal approach using chloride and nitrate salts 

as different secondary block unit (SBU) sources. Each of the powders obtained by two metal sources was synthesized at three different 

temperatures (120, 150, and 180 ºC). The fabricated MOFs were methodically investigated and characterized in terms of structural, 

textural, morphological and optical. The obtained empirical data confirmed that the particles synthesized at 120 ºC using iron chloride 

exhibit the highest efficiency for methylene blue removal. This could be associated to their high surface area and UV light absorption 

in comparison with other samples. These results can be considered in future research to maximize degradation of organic dyes as a 

serious pollutant in wastewater. 
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Introduction 

The increasing demand of clean water sources and its shortage due to the rapid development of industrialization and 

population growth have prompted researchers to cope with this issue. Many water treatment technologies such as adsorption 

or coagulation have been utilized to purify water effectively, but pollutants still remain and they are not completely eliminated 

due to the lack of adequate efficiency of most treatment methods [1]. Therefore, research has been carried out to find more 

efficient techniques for wastewater treatment. Among various physical, chemical, and biological technologies used in pollution 

control, advanced oxidation processes (AOPs) are selected for destruction of organic contaminants, due to their high 

efficiency, simplicity, good reproducibility and easy handling [2]. 

Metal-Organic Frameworks (MOFs) are types of coordination polymers with diverse structures increasingly considered in AOP 

process due to their fascinating properties [3]. These multi- structure polymers can be utilized in a wide range of applications 

and they are known as candidates for gas storage [4], optical devices [5], absorbent [6], sensor application [7], photocatalyst [8] 

and drug delivery [9] due to their facile synthesis, ultrahigh specific surface area, and high porosity.  

In recent years, many MOFs are being employed for photocatalytic application and MOF-5 was the first one used to depollute 

organic dyes from wastewater [10]. There have been numerous MOFs synthesized since two decades ago. Iron containing 

MOFs have been considered to be used for photocatalytic applications not only due to their satisfactory photocatalytic 

performance but also because of involving Fenton process [11]. Furthermore, Fe-based MILs are visible-light responsive 

because of the presence of iron-oxo (Fe-O) clusters. It has been demonstrated that the (Fe-O) clusters can contribute to 

electron excitation [12]. Many reports have investigated the effects of synthesis parameters on photocatalytic and catalytic 

activity of iron containing MOFs. For instance, Wang et al. synthesized MIL-88(A) at different times and temperatures to 

optimize the catalytic activity of obtained powders for persulfate activation [13]. Viswanathan et al. investigated the effects of 

different solvents on morphology of MIL-88(A). Subsequently, the effects of this variable on photocatalytic performance of the 

powders were analyzed using a comprehensive set of analyses [14]. Pu et al. demonstrated that different synthesis conditions 

of MIL-53(Fe) can affect the catalytic performance [15].  

In the present study, new parameters were investigated to improve the MIL-53(Fe) photocatalytic activity. MIL-53(Fe) was 

obtained using nitrate and chloride salts as synthesis sources. Moreover, each of the powders was synthesized at three 

different temperatures. Finally, photonic performance of the obtained powders was analyzed comprehensively through 

methylene blue (MB) degradation as one of the prevalent organic pollutants. 
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Results and discussion     

The XRD patterns of all samples are shown in Figure 1. The  results revealed that despite intensity differences, the XRD 

patterns of samples (C), (D), (E), and (F) showed sharp and strong peaks. According to the XRD patterns of the above 

mentioned samples, the samples were successfully synthesized with high crystallinity.  In addition, the strong peaks of the 

samples were at the same positions (9.2º, 10.1º, 12.6º, 18.5º, 25.2º), indicating that these four samples consisted of the same 

phase. Likewise, Figure 1 illustrated that sample (A) and sample (B) only had low intensity and wide peaks, pointing to an 

amorphous structure. The XRD patterns are concordant with those presented in the literatures [16].  

 

Figure 1.  XRD patterns of MIL-53(Fe) synthesized using different preparation conditions 

 

FT-IR analysis was used to examine the structure of the samples. The characteristic absorption peaks were observed at 560.84 

cm-1, 749.01 cm-1, 1390.01 cm-1, 1599.42 cm-1 and 1659.81  cm-1 which is associated with carboxylate groups. The sharp 

absorption peaks at 560.84 cm-1 are related to vibration of Fe-O as metal-oxygen bonding. The strong peaks at 1390.01 cm-1 

and 1599.42 cm-1 are attributed to symmetric and asymmetric structure of C-O in carboxyl groups. The peak at 749.01 cm-1 is 
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ascribed to C-H bending vibration of benzene rings. FT-IR spectra of samples corresponded to the results presented in the 

literature [17].  

 

Figure 2. FT-IR spectra of as-prepared photocatalysts (nitrate salt: A 120 ºC/ B 150 ºC/ C 180 ºC) and (chloride salt: D 120 ºC/ E 150 ºC/ F 180 ºC) 

SEM analysis was carried out to evaluate the morphology of the samples. SEM images illustrate that particle sizes of samples 

(A) and (B) were considerably higher than those of other samples. This can be traced to the amorphous structure of these 

samples. Also, SEM images indicate that synthesis temperature significantly affected the morphology of the powders. It was 

found that by increasing the temperature to 180 ºC, the morphology of sample (C) was completely changed and converted to 

the MIL-88A structure reported by previous studies [18]. The powders synthesized at 120 ºC (Figure 3D) and 150 ºC (Figure 

3E) had heterogeneous particles with two morphologies. In addition, sample (D) and sample (E) consisted of plates with non-

regular shapes and small spherical crystals that did not adequately grow. This heterogeneity observed in particles size 

distribution can be attributed to poor heat transfer at a lower temperature. As a result, concurrent nucleation and crystal growth 

can intervene at such temperatures [19]. In case of sample E, spherical crystals grew and changed into a hexagonal bipyramid 

morphology. By increasing temperature to 180 ºC, the morphology of sample (F) slightly differed so that bigger bipyramid 

crystals with a more homogenous distribution were achieved.  
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Figure 3. SEM images of MIL-53(Fe)-Nitrate salt/120 ºC (A), MIL-53(Fe)-Nitrate salt/150 ºC (B), MIL-53(Fe)- Nitrate salt/180 ºC (C), MIL-53(Fe)-

Chloride salt/120 ºC (D), MIL-53(Fe)-Chloride salt/150 ºC (E), MIL-53(Fe)-Chloride salt/180 ºC (F) 

 

Particle size of MIL-53(Fe) was measured by DLS method. As shown in Fig.4 the average particle size is 1353 nm for sample 

(C), 1019 nm for sample (D), 977 nm for sample (E) and 1000 nm for sample (F). (DLS analysis could not be utilized for 

sample (A,B) due to their large particle size). The data showed that changing in nitrite salt to chloride salt decreases the 

particle size. This decrease in the size is confirmed by SEM images (Figure 4)     
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Figure 4. DLS results for MIL-53(Fe)- Nitrate salt/180 ºC (C), MIL-53(Fe)-Chloride salt/120 ºC (D), MIL-53(Fe)-Chloride salt/150 ºC (E), MIL-53(Fe)-

Chloride salt/180 ºC (F) 

 

To study optical properties of the particles, UV-Vis DRS was utilized. As observed in Figure 5, all synthesized powders showed 

strong visible light absorption at a wavelength of 441 nm. Consequently, these photocatalysts are capable of being used in 

the range of visible spectrum. Furthermore, light response at this wavelength is ascribed to the transition ([6A1g    4A1g +4 Eg 

(G)]) in Fe(III) [20]. According to Figure 5, sample (D) had the highest absorption among the samples.  To calculate the MIL-

53(Fe) band gap energy, the Tauc equation (Eqn (1)) was utilized.  

αhυ = A(hυ − Eg)n                                                            (1) 

where h is the Planck constant; A is a constant value; α and v  are diffuse absorption coefficient and light frequency, respectively 
[21]. According to the results, samples (A) and (B) have lower band gap energy (Eg) (1.9 eV) in comparison to other samples. 

However, estimated band gap energy of samples (C), (D), (E), and (F) was 2.85 eV. The obtained results for sample (C), (D), 

(E) and (F) confirms the same values with those reported for MIL-53(Fe) in previous studies (the order was approximately 

between 2.6 to 2.8) [16(c,d) , 17c] . The difference between the bandgap value of the samples (A) and (B) with other samples can 

be attributed to amorphous structure of sample (A) and (B) [22]. Approximate band gap of samples was obtained by the tangent 

to the curve of (αhv)2 vs. photo energy (Figure 6 a,b).          
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Figure 5. UV-vis diffuse reflectance spectra of the prepared photocatalysts A) Nitrate salt/120 ºC, B) Nitrate salt/150 ºC, C) Nitrate salt/180 ºC, D) 

Chloride salt/120 ºC, E) Chloride salt/150 ºC, F) Chloride salt/180 ºC 

 

Figure 6. Plot of (αhv)2 vs. photon energy (hv) of MIL-53(Fe) 

To study specific surface area of the powders, BET analysis was performed. Figure 7 illustrates N2 adsorption/desorption 

isotherms of sample (D), and the corresponding pore size distribution (PSD) is shown in the inset (BJH adsorption dvp/drp pore 

volume). Two strong peaks can be observed at 8 and 34 nm, and pore sizes in the range of 2-50 nm were dominant. Also, 
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pores within sample (D) were mesoporous which have a vital role for improving photocatalytic performance of particles [23]. In 

addition, N2 adsorption/desorption isotherm observed for sample (D) represents a ІV-type adsorption curve and the hysteresis 

loop can be attributed to type H3, displaying slit-like mesopores/macropores in the powder [24]. Table 1 presents the total pore 

volume and surface area of particles resulting from BET analysis for all samples. According to Table 1, SBET of sample (B) is 

higher than that of sample (C). This is due to the amorphous structure of sample (B) which was confirmed by XRD patterns. 

Considering the mechanism of BET analysis, SBET values are associated with adsorption of N2 molecules in the particle 

structure. If particles are amorphous, penetration of N2 molecules is more feasible. Thus, the result obtained for sample (B) 

cannot be considered as the real amount of specific surface area for this sample. The BET analysis confirms that there is 

correspondence between the obtained results in recent study and reported data in previous literatures[12,15].  

 

Table 1. BET of powders synthesized in different conditions 

Sample SBET (m2/g) Total pore volume (cm3g-1) Mean pore diameter (nm) 

A 2.3 0.006 11.29 

B 6.6 0.021 12.8 

C 3.8 0.016 17.47 

D 23.06 0.114 19.79 

E 6.05 0.026 17.74 

F 10.05 0.025 9.66 
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Figure 7.  N2 adsorption/desorption isotherms of MIL53-(Fe) prepared with chloride salt at 120 ºC (sample D) (inset shows the pore size distribution of 

particles in sample (D) 

 

MB removal using different synthesized photocatalysts  

To investigate the photocatalytic performance of the powders, a certain amount of each synthesized photocatalyst was utilized 

in MB solution. Figure 8 shows the adsorption and degradation of MB as a function of time in ambient conditions in the 

presence of different types of photocatalysts. Initially, dye removal through adsorption in the dark was analyzed to evaluate 

the amount of dye extracted via adsorption by photocatalysts powders. Furthermore, to clarify MB degradation in the presence 

of H2O2, dye solutions were put at ambient condition with a certain amount of H2O2 without any photocatalysts. Results 

indicated that dye adsorption enhanced by increasing the surface area of samples. In other words, dye adsorption is directly 

related to the surface area of the powders. Moreover, results revealed that H2O2 slightly degraded the dye (< 5% of dye 

concentration). Therefore, despite the role of hydrogen peroxide in dye degradation, it cannot be considered as a significant 

parameter for this purpose. Furthermore, the data from Fig.8 shows that, under visible light irradiation, the solution consisted 

of sample (D)/MB without any amount of H2O2 was capable to degrade MB approximately 33%.However, Figure 8 

demonstrates that the photocatalysts increasingly affected dye degradation and had more contribution to this process. Figure 
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8 also shows that different preparation conditions not only have a vital effect on adsorption but also can considerably influence 

the rate of degradation. As can be observed in this figure, photocatalysts synthesized in different conditions exhibited different 

performances. Sample (D) had the best performance and effectively degraded the dye. However, samples (A) and (B) showed 

the weakest efficiency and could not degrade MB adequately. This may be due to the amorphous structure of these two 

samples. Hence, their light absorbance was lower than the minimum needed for electron excitation and subsequently be 

activated to perform as a photocatalyst. The rate of MB degradation for different photocatalysts is in the following order: sample 

(D) > sample (F) > sample (E) > sample (C) > sample (A) = sample (B).  

Considering the results, dye degradation was directly related to SBET for successfully synthesized crystals (C, D, E and F). As 

a result, SBET has a considerable effect on adsorption and degradation simultaneously so that the sample with higher SBET has 

higher dye degradation efficiency[13,15], as can be observed in Figure 8. In general, according to numerous studies, the 

Langmuir-Hinshelwood (L-H) mechanism has been successfully used to specify the relation between the initial rate of dye 

degradation (-rA) and initial dye concentration (CA) [25]. The modified L-H equation is given by Eqn (2):  

r =  
ௗ 

ௗ௧
= 𝑘 𝜃 =  

ೝ 

ଵା
                                                 (2) 

where kr is the reaction rate constant, K is reactant adsorption constant, θ is the fraction of MIL-53(Fe) surface coverage, and 

C is the concentration of MB at time t. When the organic concentration is low enough, a pseudo-first-order kinetic model can 

be applied [26].  In this study, pseudo-first-order and pseudo-second-order models were simultaneously utilized to compare and 

study the adsorption as well as dye degradation isotherm comprehensively. Obtained data are illustrated in Figure 9. It is 

shown that the pseudo-first-order (Eqn (3)) model appropriately fitted to the data due to a higher value of R2 .  

Ln (
బ


) =  𝑘 𝐾 𝑡 =  𝑘𝑡                 (3)  

where Kapp = kr K and C0 is the initial concentration of MB.    
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Figure 8. Photocatalytic activities of photocatalysts on the degradation of methylene blue 

The sample synthesized using chloride salt at 120 ºC (sample (D)) had the highest value of K (K = 0/03) among the samples 

which was three times higher than that of sample (F).  Also, sample (C) had a lower dye degradation rate than samples (D), 

(E), and (F) due to lower dispersion and SBET value in comparison to other samples. Although numerous studies have been 

carried out to optimize the synthesis parameters such as temperature, time, pH and ligand type, there are limited reports on 

the effect of inorganic salt on the photocatalytic performance of MOFs [8a, 11c, 14,15] . Table 2 is compared efficiency of the 

prepared MOFs in organic pollution degradation with the literature. It is obvious that photocatalytic performance of sample D 

as optimum sample (> 95% dye degradation after 2h) is thoroughly comparable with the previous reports. 
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Table 2. Comparison of photocatalytic performance with the literature  

Photo catalyst Contaminants   Degradation efficiency [%]  Time [min] Reference      

MIL-100(Fe) Basic Blue 41 98.2 180 [2b] 

MIL-53 

(Al)/Ag/AgCl(10%) 
Rhodamine B 80-100 90 [2c] 

Fe(bpydc [a]) Phenol >90 60 [3c] 

MIL-53(Fe) Acid Orange7 ~100 90 [8a] 

MIL-88 A Orange G 96.4 150 [13] 

MIL-88 A Rhodamine B 98 50 [14] 

MIL-53 (Fe) Orange G ~100 90 [15] 

MIL-53(Fe) Orange G 98 120 [27] 

MIL-53(Fe) Rhodamine B > 95      20 [28] 

Fe-MOFs Acid Orange7 97 240 [29] 

Fe-MOFs Rhodamine B 90 90 [30] 

Fe-MOFs Congo red 96.97 300 [31] 

Fe(ІІІ)-MOFs Orange‖ 97.7 300 [32] 

MIL-53(Fe) Methylene Blue  >95 120 present study 

 

 [a] 2,2′-bipyridine-5,5′-dicarboxylate 

 

Figure 9.  (a) The corresponding photo degradation kinetics of methylene blue with different photocatalysts (inset shows the dye solution before (A) 

and after (B) dye removal) (b) Comparison of different photocatalysts reaction rate constants for MB degradation  

To study the possible degradation mechanism, H2O2 was utilized without photocatalysts to evaluate the degradation ability of 

hydrogen peroxide. As can be observed in Figure 8, H2O2 did not degrade MB appropriately. However, adding the 
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photocatalysts powder, degradation rate of dye dramatically increased. This indicates that optimum efficiency can be achieved 

when photocatalysts and H2O2 are used concurrently. Synthesized photocatalysts can be excited under visible light irradiation. 

Subsequently, excited photocatalysts generate electrons (e-) and holes (h+) in conduction and valence band. The presence of 

H2O2 may spark generation of active species OH. when hydrogen peroxide is exposed to light. In addition, H2O2 causes 

electron trapping and it is known as a barrier to restrain electron and hole recombination[33]. Equations (6,7) and (8,9) show 

the activation mechanism of MIL-53(Fe) and H2O2, respectively [26]. The Butler and Ginley equations (Eqn (4,5)) were used to 

estimate the conduction band edge potential (ECB) and the valence band edge potential (EVB). 

EVB = 0.5 Eg + χ - Ee                                            (4) 

ECB = EVB – Eg                            (5) 

Where Eg is the band gap of synthesized powders calculated by the Tauc equation (Eqn (1)) (2.7 eV), χ is the absolute 

electronegativity of MIL-53(Fe) (5.55 eV), Ee is the free energy of free electrons (Ee ~4.5 eV for normal hydrogen electrode) 

[16 d]. According to mentioned equations, VB and CB edge potentials of MIL-53(Fe) were estimated approximately 2.4 V and – 

0.3 V respectively with respect to the NHE at pH= pHzpc.  

MIL-53(Fe) + hν       →               h+ + e−                                                (6) 

CB− +  H2O2      →               OH− + OH∙                                                 (7)  

O2
− ∙  + H2O2      →          OH− + OH∙ + O2                                                                                                                         (8)                  

H2O2 + hν        →                2 OH ∙
                                                                                                                                                                                                              (9)            

Intending to cover the whole part of dye degradation process it should be considered that the photocatalytic dye degradation 

mechanism for cationic dye like MB is different from the route for anionic ones. In contrary to anionic dyes , hydroxyl radicals 

do not have major role in cationic pollutants degradation. In terms of importance, N-de-ethylation reactions have privilege to 

degrade MB (Fig.8). In other words, MB is involved in surface controlled N-de-ethylation reactions which could be directly 

related with surface area of photo catalysts and H2O2 assists the enhancement of  degradation process [34,25e]. Considering to 

mentioned terms and possible degradation mechanism, it could be concluded that any experimental path that leads to the 

increasing of photocatalysts surface area boosts the photo degradation. Performance stability is one of the significant concerns 

considered for photo catalysts as they are used in practical application. The cycling performance of sample (D) as optimized 

powder was assessed for three times by conducting repeatedly photocatalytic reaction under tungsten halogen lamp. Figure 

10(c)  illustrates that the photo catalyst did not have significant change in photo activity and degradation of MB through each 

cycle, indicating the sample (D) had sustainable act and retained a similar photocatalytic activity for more than 360 min. To 
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further confirmation, the structural and molecular analysis was done by XRD (Figure 10(a)) and FTIR spectra (Figure 10(b)). 

The results show that there is not remarkable change in the structure property of powders after three times reactions. 

 

 

 

 

 

 

Figure 10. XRD pattern of MIL-53(Fe)-Chloride salt/120 ºC (D) before and after photocatalytic reaction (a), FTIR of the sample (D) before and after 
photocatalytic test (b), Recycling test on the MB degradation in sample (D) / H2O2 system (c) 
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Figure 11.  Schematic of possible dye degradation mechanism of methylene blue on the surface of MIL-53(Fe)  

Conclusions 

In the present study, MIL-53(Fe) was prepared for MB removal using different metal sources and temperatures via a facile 

solvothermal method. The effect of different conditions on efficiency of dye removal was investigated. Results demonstrated 

that the powder synthesized using iron chloride showed the best performance for dye degradation under visible light irradiation. 

Moreover, findings revealed that 120 ºC was the optimum temperature for preparing the photocatalysts. The main reason 

behind the higher photocatalytic performance could be attributed to L-H mechanism and more accessible surface of the 

particles to contact with pollutants. This study may help future researches on environmental fields to utilize high performance 

MOF-based photocatalysts for water treatment.  

Experimental  

Materials  

Nitrate salt (Fe(NO3)3∙9 H2O), chloride salt (FeCl3∙6 H2O), dimethylformamide (DMF), benzene dicarboxylic acid (BDC), and 

MB were purchased from Merck and used as received without further purification. All materials used in this experiment are 

available in analytical grade.   
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Powder synthesis  

    2.2.1. Particles obtained from nitrate salt source 

To prepare iron nitrate solution, a certain amount of nitrate salt (5.655 g) was added into 36 mL of DMF. Then, 2.24 g of BDC 

was added into the same amount of DMF. Each of the solutions was put on a stirrer at 50 ºC and 1000 rpm for 20 min. 

Subsequently, the prepared solutions were poured into an autoclave and kept at 150 ºC for 12 h. The synthesized powders 

prepared at 120, 150, and 180 ºC were coded as (A), (B), and (C). 

Particles obtained from chloride salt source 

In the first step, stock solution was prepared adding a certain amount of FeCl3∙6H2O/ BDC/DMF with a molar ratio of 1:1:60. 

Subsequently, the prepared yellow solution was put on a stirrer at 50 ºC for 20 min and 1000 rpm to be homogenized. Finally, 

the solution was poured into a 110 mL autoclave for 12 h at 150 ºC. The resulting product was placed into 100 mL water for 

24 h to be washed; then, the final product was extracted from water by centrifuging at 6000 rpm for 4 min. Finally, the powder 

was dried at 60 ºC for 16 h. This process was repeated 2 times but at different synthesis temperatures (120 and 180 ºC). The 

synthesized powders were labelled as (D), (E), and (F) for 120, 150, and 180 ºC, respectively. Subsequently, to wash the 

powders, the same process as mentioned for previous samples was carried out. 

 

Figure 12. Schematic illustration for the preparation process of MIL-53(Fe) via solvothermal method 

 

Powder characterization  
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To analyze the powders, X-ray diffraction (XRD) was used and the patterns of samples were collected by Inel Equinox 3000 

X-Ray diffractometer (Cu  Kα  radiation (λ=1.54190 A˚) with scanning angle range from 5 to 80)) at a scanning rate of 6 º min-

1 and a step size of 0.02º. Scanning Electron Microscopy (SEM; Stereoscan S 360 Cambridge) was employed to study the 

morphology of samples. Dynamic Light Scattering (DLS) were taken with (DLS:Cordouan-Wallis). Furthermore, Fourier 

transform infrared spectroscopy (FT-IR: Perkin Elmer) was performed on pellets of the synthesized particles diluted with KBr. 

The Brunauer–Emmett–Teller (BET) method was used to analyze surface area of the powders. To investigate the optical 

properties of the samples, UV-vis diffuse reflectance spectra (DRS) of the powders were collected using a  UV-Vis 

spectrophotometer (JENWAY 6715).  

Evaluation of samples photocatalytic performance 

To evaluate the photocatalytic degradation of dye by the synthesized powders, 50 mg of each photocatalyst was added to 70 

mL of a 5 mg.L-1 MB solution. Subsequently, to establish adsorption/desorption equilibrium, the prepared solution was stirred 

(at 500 rpm) for 60 min in the dark at room temperature. Afterwards, a certain concentration of H2O2 was added to the solution. 

Then, while the temperature of the solution was kept constant, the dye solution was irradiated by a 500 W tungsten halogen 

lamp with a cut-off filter (λ < 700 nm). Eventually, The concentration of MB was detected using a UV-Vis spectrophotometer 

(JENWAY 6715) at its maximum absorption wavelength (554 nm). The concentration of MB was measured at a specific time.  
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TOC Text 

The MIL-56 (Fe) series were prepared to be manipulated for water treatment. The results showed the temperature and the 

inorganic salt sources directly affect the final efficiency due to the different surface area of the samples described by Langmuir-

Hinshelwood (L-H) mechanism. 


