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ABSTRACT 

A new and environmentally benign photocatalyst is introduced in this study, which was 

synthesized via incipient wetness impregnation onto MIL-47(V) using an ethanolic Fe(III) chloride 

solution. The resultant materials were characterized by XRD, FE-SEM, and HR-TEM analyses. 

The photocatalytic capability of Fe/MIL-47 towards removal of methylene blue (MB) was 

evaluated in comparison to MIL-53(Al), Cu/MIL-47, and Fe/zeolite-Y. The unmodified MIL-47 

achieved 55% MB removal after 20-min exposure to UV/H2O2, through photodegradation as the 

dominant mechanism. Incorporation of Fe species into MIL-47 significantly increased the MB 

removal rate by 2.4-fold and accomplished nearly complete removal (98.2%) in 60 min, 

outcompeting the performance of Cu/MIL-47 and Fe/zeolite-Y. Based on the results of XRD, the 

impregnation of Fe retained the crystalline characteristics of MIL-47. The significance of 

temperature, catalyst dose, pH, and molar ratio of H2O2:MB was also evaluated in governing the 

photocatalytic activity of Fe/MIL-47. The reusability of Fe/MIL-47 was evidenced through its 

repetitive uses in MB photodegradation. The current work highlighted the potential of Fe 
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impregnation for modification of MOFs in order to fabricate highly efficient and water-stable 

heterogeneous photocatalyst for degradation of organic pollutants. With the use of an economical 

and environmentally safe reagent (i.e., Fe), robust photocatalyst can exhibit high sustainability to 

warrant clean environmental remediation. 

 

KEYWORDS: MIL-47 MOFs; Iron catalyst; Industrial wastewater treatment; Methylene blue; 

Photocatalysis; Fenton reaction. 

 

 

1. Introduction 

Metal-organic frameworks (MOFs) are an emerging type of crystalline microporous materials, 

of which the crystal lattice structure comprises metal ion vertices in coordination with organic 

bridging ligands (Tian et al., 2017; Wang et al., 2017). Tremendous research interests have been 

given to MOFs over the last few years in view of their advanced and tunable properties, including 

ultrahigh pore volume (up to 90 % free volume) (Zhou et al., 2012) and large surface area (up to 

6,000 m2 g-1) (Ayati et al., 2016). A lot of variable combinations between metal ions and organic 

bridging ligands are feasible in MOFs synthesis. The easily tailorable physical/chemical properties 

of MOFs have expedited the development of diverse types of MOFs that can be used in various 

applications such as drug delivery (Teplerisky et al., 2017), adsorption (Alonso et al., 2017), gas 

separation (Wu et al., 2015), hydrogen storage (Roes and Patel, 2011), heterogeneous catalysis 

(Lin et al., 2015), and photocatalysis (Kaur et al., 2016).   

Among these applications, utilizing MOFs for photocatalysis is of practical significance 

because photocatalysis is a convenient and environmental-benign way that utilizes solar energy in 

chemical reactions, including degradation of contaminants (Foteinis et al., 2018; Ramezanalizadeh 

and Manteghi, 2018). In comparison to conventional semiconductors as photocatalyst (e.g., TiO2 
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and ZnO), MOFs with adjustable characteristics offer more opportunities in the field of 

environmental remediation, where diverse environmental compartments with varying pollutant 

profiles are often encountered. As MOFs receive energy higher than band gap energy value from 

UV irradiation, the negative electrons (e−) moves to the metallic cluster and then positive holes 

(h+) are generated in the organic linker, in which the reduction and oxidation half reactions occur 

between the electrons and holes (Qiu et al., 2018). The photocatalytic ability of MOFs-based 

materials has been primarily determined by their electronic/electrochemical properties, which are 

associated with the nature of the organic ligands (linkers) and metal-oxide clusters (Kozlova et al., 

2016). A few researchers have investigated the feasibility of using MIL-47 (Kozlova et al., 2016), 

HKUST-1 (Sofi et al., 2018), ZIF-8 (Jing et al., 2014), MOF-5 (Silva et al., 2010), and UiO-66 

(Zhao et al., 2016) in the photocatalytic removal of organic pollutants in aqueous solution.  

In particular, MIL-47 possesses three-dimensional orthorhombic structure due to the infinite 

chains of V4+O6 octahedra linked together by terephthalic linkers (Biswas et al., 2013). While MIL-

47 has been proved to be effective in adsorption and oxidation reactions (Biswas et al., 2013; Xu 

et al., 2016), its potential in serving as a photocatalyst has not been explored to the best of our 

knowledge. In the conventional applications, MIL-47 generally exhibits good performance with 

its large pore size and high volumetric working capacity that facilitate access of target chemicals 

(Llewellyn et al., 2013; McNamara et al., 2013). Such favourable accessibility of MIL-47 emerges 

as an attractive feature for photocatalysis. In addition, the band gap of MIL-47 (2.76 eV) is 

comparable to that of an effective photocatalyst, namely MIL-100(V) (2.75) (Kozlova et al., 2016), 

showing a high potential in serving photodegradation.   

Nevertheless, chemical modification may be needed to activate/enhance the photocatalytic 

ability of MIL-47. Previous studies suggested that doping of Fe was effective in enhancing the 
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photocatalytic activity by either reducing the band gap or changing the facets property of TiO2 

catalyst (Nasirian and Mehrvar, 2016; Sui et al., 2018). For example, Fe incorporation onto TiO2 

increased the photocatalytic degradation of methyl orange from 16.3 to 28.7% under sunlight 

(Nasirian and Mehrvar, 2016). Sui et al. (2018) reported that nano TiO2-1.07Fe catalyst exhibited 

higher efficiency of oxidation of Rhodamine B (83.1%) within 160 min under visible light 

compared to that by nano TiO2 (17.7%). We hypothesized that the incorporation of transition metal 

ions may be applicable for introducing and/or improving the photocatalytic capability of MOFs. 

More importantly, the use of Fe species in light-driven water treatment system has been reported 

to show higher environmental sustainability than other advanced oxidation processes, because Fe 

is relatively safe in the ecosystems and the photo-Fenton process does not generate harmful by-

products (Foteinis et al., 2018). Therefore, it is imperative to capitalize the environmental merits 

of Fe in designing robust and green photocatalyst for remediation applications.   

In this work, transition metal-doped MIL materials (Fe/MIL-47 and Cu/MIL-47) were 

prepared via incipient wetness impregnation, and their photocatalytic ability was evaluated with 

photo-Fenton abatement of methylene blue (MB) used as a model target contaminant. The 

purposes of this work were (1) to prepare and characterize the surface morphology and 

mineralogical phase of MIL materials, (2) to identify the photocatalytic ability of pristine MILs 

[MIL-47 and MIL-53(Al)], (3) to explore the effects of transition metal ions (Fe and Cu) 

impregnation on the photocatalytic degradation of MB by MIL-47, and (4) to investigate the effects 

of various parameters including temperature, catalyst dose, and molar ratio of H2O2:MB on the 

removal of MB and total organic carbon (TOC) by modified MIL-47. While most of the MOFs 

have low water stability (Burtch et al., 2014), Fe/MIL-47 was proved to be effective for MB 

removal (98.2%) in aqueous medium in this study, highlighting its feasible application in industrial 
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wastewater treatment.  

 

2. Experimental section 

2.1. Chemicals & Materials 

Aluminum nitrate nonahydrate [Al(NO3)3·9H2O, 98%], copper(II) chloride (CuCl2, 98%), 

iron(III) chloride (FeCl2, 98%), iron(III) nitrate nonahydrate [Fe(NO3)3·9H2O, >98%], methylene 

blue (MB, C16H18ClN3S, 99%), terephthalic acid [H2BDC, 98%], and vanadium(III) chloride (VCl3, 

98%) were purchased from Sigma Aldrich, USA. Na-zeolite Y and hydrogen peroxide (H2O2, 30% 

w/v) were obtained from Zeolyst International company and Fisher Scientific, respectively. All the 

chemicals were used without any further treatment.  

 

2.2. Preparation of MIL-47 Samples 

MIL-47 sample was synthesized following the reported procedure of Barthelet et al. (2002). In 

brief, VCl3, H2BDC, and DW were mixed at a molar ratio of 1:0.25:100, and the mixtures were 

placed into a Teflon-lined stainless Parr Acid Digestion Vessel. The solid powders were collected 

after hydrothermal reaction at 200 °C for 96 h, then were washed with acetone several times. The 

resulting material was calcined at 300 °C for 21 h to remove non-reacted H2BDC from its 

surface/pores. Two modified MIL-47 samples (Cu/MIL-47 and Fe/MIL-47) were prepared via 

incipient wetness impregnation method as used in the literature (Khan and Jhung, 2012). The 

ethanolic solutions containing CuCl2 and FeCl3 were employed to impregnate metal ions onto 

MIL-47, and each molar ratio of Cu and Fe to V was 0.05:1. Besides MIL-47 samples, MIL-53(Al) 

sample was separately synthesized from literature methods described by Loiseau et al. (2004. The 

mixture was prepared by mixing Al(NO3)3·9H2O, H2BDC, and DW at molar ratio of 1:0.5:80, and 
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then hydrothermally reacted using Teflon-lined stainless Parr Acid Digestion Vessel under the 

same condition as MIL-47 sample. The resulting material was also purified by calcination at 

300 °C for 21 h. In addition, Fe/zeolite-Y sample was obtained by inducing ion exchange of Na-Y 

by Fe3+ with dropping of 0.1 M Fe(NO3)3 solution (Roque-Malherbe et al., 1993). The sample was 

collected through filtration after the reaction, and dried at 70 °C in a drying oven.  

 

2.3. Characterization of MIL-47 Samples 

The X-ray powder diffraction (XRD) analysis of MIL-47, Fe/MIL-47, and reacted Fe/MIL-47 

samples was conducted by a PW1700 computer-controlled diffractometer (Philips, USA) with a 

graphite monochromator and Co Kα radiation. The surface morphologies of samples were 

analyzed by using a JSM 7000F field emission scanning electron microscopy (FE-SEM, JEOL 

Hitachi, Japan). The energy dispersive X-ray spectroscopy (EDX) measurements were performed 

using a JEOL 7000F scanning electron microscope to confirm the presence of Fe and Cu before 

and after the reaction. For better investigation on the morphology of particles, high resolution 

transmission electron microscopy (HR-TEM) images of samples were obtained by using a CM200 

HR-TEM analyzer (Philips, USA). 

 

2.4. Photocatalytic degradation experiments 

The photocatalytic abilities of MIL-47, Fe/MIL-47, and MIL-53(Al) were tested by degradation 

of MB under irradiation. An optical-grade quartz tube inserted with a UVC lamp was immersed in 

the center of the sample-containing beaker (1 L). Typically, 8 mg of the sample was added into 

800 mL of solution containing the known concentration of MB in a dark room, and the pH value 

of the suspension was adjusted to 3 by adding 0.01 M H2SO4 or NaOH. Lastly, H2O2 was added to 
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the reactor with the molar concentration 26 times higher than that of MB. Investigation on the 

degradation of MB proceeded when illuminating an 8 W UVC irradiation (900 µW/cm2 at 7.5 cm; 

radiation peak at 253.7 nm) at room temperature and in open air. The intensity of UVC irradiation as 

an important factor of degradation efficiency was considered uniform in the small-scale reactor 

(i.e., 800 mL solution in a standard 1 L beaker). The reaction was conducted in a constant-temperature 

batch reactor with temperature control. The solution temperature was monitored using a thermocouple and it 

was kept constant throughout the reaction. The reactor was magnetically stirred at 600 rpm for 90 min 

at 30 °C. For investigation of the reusability/stability of catalyst, the solid samples used for 60-min 

reaction were separated by filtration and then added into the fresh MB solution for the next run of 

photocatalysis. With reference to previous studies (Beiyuan et al., 2017; Li et al., 2017; Cui et al., 2018), 20% 

of the experiments were randomly replicated to ensure data reproducibility. 

The concentration of MB was analyzed by measuring the absorbance at 664 nm using a UV-

1600 PC Spectrophotometer (VWR International, Leuven, Belgium) with a 1 cm path length 

spectrometric glass cell, and the TOC content was determined by TOC-L total organic carbon 

analyzer (Shimadzu, Kyoto, Japan). At the intervals, the samples were filtered (PTFE syringe 

filters with membrane dia. 50 mm, pore size ~ 0.2 m) and centrifuged to avoid the interference 

of particles in the reactors. As H2O2 was in excess that reaction rate did not depend on H2O2 

concentration but MB concentration alone, pseudo-first order kinetics model was used to represent 

the kinetic data of catalytic photodegradation of MB, as shown in eq.1: 

 ln (
𝐶0
𝐶
) = 𝑘𝑡 (1)  

where C0 and C represent the MB concentration before reaction and at the reaction time t, 

respectively; and k is the rate constant of catalytic photodegradation. 

  

3. Results and Discussion 
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3.1. Characterization of MIL-47 and Fe/MIL-47 

The XRD patterns of MIL-47, Fe/MIL-47, H2O2-treated Fe/MIL-47, and Fe/MIL-47 collected 

after photocatalytic reaction are shown in Fig. 1. The XRD spectrum of MIL-47 (Fig. 1a) resembles 

that reported in a previous study, which synthesized MIL-47 with a similar approach (Alaerts et 

al., 2008). The impregnation of Fe resulted in no remarkable variation in the XRD patterns and 

peak intensity for MIL-47 (Fig. 1b), indicating that Fe incorporation induced no changes in the 

framework of MIL-47. In other words, impregnated Fe ions were not exchanged with V present in 

the structure of MIL-47, and Fe-based mineral phases with non-crystalline structure could be 

newly formed on its surface. However, H2O2 treatment slightly lowered the peak intensities for the 

crystalline structure of Fe/MIL-47 (Fig. 1c). 

The FE-SEM images of the MIL-47 sample was typical polyhedral crystal-shaped particles 

with relatively uniform size (Fig. S1a,b), of which the morphology is similar to those of MIL-47 

synthesized in previous works (Alaerts et al., 2008; Lo et al., 2016). The EDX result revealed that 

the percentage of Fe element in Fe/MIL-47 before and after the reaction were 3.2% and 2.9%, 

respectively, and that the percentage of Cu in Cu/MIL-47 before and after the reaction were 3.5% 

and 3.1%, respectively. Hence, there was negligible loss of impregnated metals during the reaction. 

The morphology was hardly influenced by the impregnation of Fe (Fig. S1c,d), which is consistent 

with the XRD result showing no change in the crystalline structure of Fe/MIL-47 compared to 

MIL-47. The HR-TEM images of MIL-47 and Fe/MIL-47 (Fig. 2a,b) confirmed the polyhedral 

morphology revealed by the FE-SEM images. In particular, clusters were observed on the Fe/MIL-

47, pointing to the formation of non-crystalline Fe species. This agrees with the XRD spectra (Fig. 

1a,b), which depict the unchanged crystalline fraction after the Fe incorporation.  
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3.2. Photocatalytic performance of pristine MIL and modified MIL 

Prior to the evaluation on the photocatalytic ability of modified MIL (i.e., Fe-MIL or Cu-MIL), 

the removal of MB by MIL-47 and MIL-53(Al) were tested under several conditions (with and 

without catalyst or UV/H2O2) to examine the photocatalytic performance of unmodified MIL 

samples [MIL-47 and MIL-53(Al)]. As depicted in Fig. S2a, the removal of MB was high in the 

descending order of MIL-53(Al) (97.2%), MIL-47 (92.0%), and UV/H2O2 (87.0%) after 90-min 

exposure to UV/H2O2. In contrast, MIL-47 achieved only 7% removal of MB by adsorption in the 

absence of UV/H2O2 after 90 min. In consideration of kinetics, MB degradation in the presence of 

MOF catalysts (MIL-53 and MIL-47) were 1.3-1.6 fold faster compared to that without MOFs 

(UV/H2O2 only) (Fig. S2b). These results suggest that MOFs achieved more efficient MB removal 

in terms of higher rate and higher removal capacity. At the early stage of reaction (~20 min) with 

UV/H2O2, MIL-47 achieved 55% removal of MB, which was greater than the total removal by 

adsorption (i.e., MIL-47 without UV/H2O2, 2.5%) and UV/H2O2 (36.5%) given the same reaction 

time. This observation demonstrated the contribution of MIL-47 as a photocatalyst to MB removal.  

MIL-53 (Al) showed similar performance as MIL-47, in terms of the capacity and kinetics of 

MB removal in the presence of UV/H2O2, i.e., 97.0% & k = 0.0385 min-1 for MIL-53(Al) and 92.0% 

& k = 0.0289 min-1 for MIL-47 after 90 min (Fig. S2b). These results show that the metal ions in 

the structure of MIL were not critical in determining its photocatalytic ability. This corroborates a 

previous study (Du et al., 2011), which reported no remarkable enhancement in the photocatalytic 

activity of MIF after replacing V in its structure with different metal ions (Fe, Al, and Cr). 

Therefore, another modification alternative to exchanging metal ions in the centre of MIL (i.e., 

transition metal incorporation) is needed to increase the efficiency of photocatalysis under this 

condition (UV/H2O2).  
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Figure 3 shows the photocatalytic degradation kinetics of MB over the modified MILs, i.e., 

Fe/MIL-47, Cu/MIL-47, and MIL-47 under UVC irradiation. Almost complete removal of MB 

(98.2%) was achieved by Fe/MIL-47 after 60 min, which was higher than the removal of 86% over 

MIL-47 (Fig. 3a). The degradation rate constant of MB, k value, followed the descending order of 

Fe/MIL-47 (0.0685 min-1), Cu/MIL-47 (0.0321 min-1), and MIL-47 (0.0289 min-1) (Fig. 3b). The 

value of k for Fe/MIL-47 was 2.4-fold higher than that for MIL-47. Thus, Fe incorporation 

significantly improved the kinetics of MB removal, i.e., reducing the reaction time from 90 to 60 

min for nearly complete removal. This enhancement can be explained by more degradation of dye 

molecules attributed to a number of OH• generated from multiple reactions of Fenton reaction (eq.2) 

(Farshchi et al., 2018) and photo-Fenton reaction (eq.3) (Rodrigues et al., 2017) in the presence of 

Fe species. Figure 4 illustrates the photocatalytic reaction mechanisms. Multiple possible reactions 

including H2O2-mediated reactions, electron (e-)-hole (h+) generation, and redox cycling of Fe 

species can explain the accelerated degradation of MB. 

Fe2+ + H2O2 → Fe3+ + OH• + OH-                                  (2) 

Fe3+ + hv + H2O → Fe2+ + OH• + H+                               (3) 

In contrast, Cu-MIL sample exhibited similar MB removal efficiency and k value as those of 

MIL-47, indicating no rate enhancement associated with the presence of Cu. Contrary to Fe-based 

Fenton reaction that is feasible in acidic condition, Cu(II)-catalyzed Fenton-like reaction would 

have functioned at neutral pH condition (Lee et al., 2018). Therefore, the acidic environment in 

the MB solution (pH 3) may not favour degradation via Cu(II)-mediated pathways. These results 

verified our hypothesis that incorporation of Fe as extra-framework/non-crystalline species could 

enhance the photocatalytic activity of MIL-47. 
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3.3. Comparison of photocatalytic ability between Fe/MIL-47 and Fe/zeolite-Y 

To evaluate the significance of support type (MIL-47 and zeolite-Y) in determining the 

photocatalytic activity, the photocatalytic degradation of MB by Fe/MIL-47 and Fe/zeolite-Y 

samples were examined in the presence of UV/H2O2 for 180 min, with the initial concentration of 

MB increased by 20-fold (0.4 mM) for vivid comparison. As shown in Fig. 5a, over 87% removal 

of MB by Fe/MIL-47 was achieved within 90 min, which was substantially higher than that of 

Fe/zeolite-Y (56 %). Previous researchers have used relatively larger amount of Fe-containing 

zeolite type catalyst (> 1 g L-1) than those used in this work (0.01-0.06 g L-1) to show the satisfying 

photodegradation reaction of dye molecules (Hassan and Hameed, 2011; Soon and Hameed, 2011). 

The better photocatalytic ability of Fe/MIL-47 is likely due to the relatively higher reactivity of Fe 

species out of framework than that of Fe species inside the framework (Fe/zeolite-Y) (Yaman et 

al., 2013). Therefore, more coordinatively unsaturated Fe sites or defects could have been formed 

in Fe/MIL-47, rendering it more reactive towards MB degradation as observed (Fig. 5a). Another 

possibility is that the Fe species on Fe/MIL-47 were more accessible to the reactants (OH• or hv), 

compared to the case of zeolite type material. These results suggest that impregnation method of 

Fe species onto MIL material would be a good option for modifying photocatalyst.  

The TOC removal efficiencies by Fe/MIL-47 and Fe/zeolite-Y were only 7.8 and 5.2%, 

respectively, after 90 min. In particular, in the case of the former, the rate constant (k) of 

decolourization (i.e., MB removal) was 0.0167 min-1, which was 4.4 times higher than the k value 

of TOC removal (0.0038 min-1) (Fig. 5b). Such discrepancy between the MB and TOC removal 

indicates that most of the MB molecules were partially degraded by Fe/MIL-47 to smaller organic 

fragments during the first 90-min reaction. The complete oxidation of MB to CO2 in the presence 

of Fe/MIL-47 proceeded actively at the later stage of reaction beyond 90 min, as the removal 
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efficiency of TOC by Fe/MIL-47 increased to approximately 48.2% at 180 min. Two distinct stages 

imply the preferential partial breakdown of MB over Fe/MIL-47, compared to degradation of MB 

fragments. In contrast, the removal efficiency by Fe/zeolite-Y remained low (8.3%) at 180 min, 

reaffirming the lower photocatalytic activity of Fe species incorporated via ion-exchange.   

 

3.4. Effects of temperature, catalyst dose, pH, and molar ratio of H2O2:MB 

The effects of temperature, catalyst dose, pH, and molar ratio of H2O2:MB (0-50) on the 

removal of MB and TOC by Fe/MIL-47 were investigated. Figure 6a exhibited that the removal 

of MB increased with increasing temperatures, but the removal of TOC showed the opposite 

tendency. This phenomenon is possibly due to the increased reaction rate of hydrogen peroxide 

with itself at high temperatures, limiting the availability of hydroxyl radicals needed for the 

complete removal of organic compounds to CO2. For the removal of MB, the initial destruction 

step (cleavage of the S-C bonds) requires comparably less hydrogen peroxide, hence the self-

reaction by hydrogen peroxide had no influence on the degradation reaction of MB as the available 

amount of hydrogen peroxide was in excess. 

As the catalyst loading increased, both removal of MB and TOC increased to 94.2 and 70.0%, 

respectively, until a catalyst dose of 60 mg L-1 (Fig. 6b). The increased removal is possibly because 

more hydroxyl radicals were generated with the increased availability of reactive sites, promoting 

MIL-mediated photocatalysis, Fenton reaction, and photo-Fenton reaction. However, the TOC 

removal slightly decreased to 53-56% at catalyst doses of 100 and 140 mg L-1. The slight decrease 

in TOC removal could be attributed to the reduction of photon transmission by excessive amount 

of catalyst particles (Gong et al., 2017). 

Figure 6c showed that the removal of MB and TOC was the highest at pH 3 and decreased 
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gradually at pH 4-7. This trend is in good agreement with the previous work that have 

demonstrated the best photocatalysis efficiency of Fe-based material at pH 3 (Chen et al., 2012). 

The low pH condition could retain H2O2 more stable compared to the alkaline condition that causes 

the fast breakdown of H2O2 into water and oxygen (Yang et al., 2014), leading to more MB 

degradation in the presence of Fe-containing catalyst. In addition, Fe hydroxide precipitates form 

when pH is above 3.5 (Huston and Pignatello, 1999) and inhibit the Fenton reaction and photo-

Fenton reaction cycles. Nevertheless, extremely acidic condition (i.e., pH 2) was unfavourable to 

the performance of Fe/MIL-47 (Fig. 6c), possibly because of partial framework destruction 

associated with proton-promoted dissolution under high acidity, leading to significant loss of extra-

framework Fe catalyst. 

The self-scavenging effect of hydrogen peroxide can also be observed in Fig. 6d. The rate of 

MB removal increased with the increasing molar ratio of H2O2:MB. However, at the H2O2:MB 

ratio of 15 and higher, MB removal was not promoted, in association with reduction in the TOC 

removal. This highlights the need for optimization of hydrogen peroxide ratios for multi-step or 

slow reactions. Alternatively, step-wise addition of hydrogen peroxide to the system in small 

quantity each time can be adopted for the maintenance of the optimal condition (Yip et al., 2005). 

In addition to the observation that Fe/MIF-47 outcompeted Fe/zeolite-Y in the current study, 

Fe/MIF-47 exhibited high efficiency of catalytic MB degradation comparable to catalysts 

previously reported in the literature under different photocatalytic conditions (Table 1). Qing et al. 

(2017) reported that 125 mg L-1 AgNPs composites derived from waste tea extract removed 

approximately 74% of low-concentration MB (0.008 mM) within 50 min at pH 7.5 in the presence 

of 294 mM H2O2. In Thao & Trang (2013), high concentration of MB (9.4 mM) was degraded by 

80% after 50 min using a large amount of catalyst (1000 mg L-1) and high H2O2 concentration (132 
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mM). MnO2-templeted Fe oxide-coated diatomite at dose of 100 mg L-1 exhibited the 

photodegradation efficiency of 77.5% at 0.06 mM MB under UV irradiation for 120 min using 

relatively high H2O2 concentration (90 mM). Li et al. (2014) used 500 mg L-1 nanosized Fe3O4 to 

catalytically degrade 0.3 mM MB at 90% efficiency within 90 min under the condition that 10 W 

UVC was irradiated and 2.95 mM H2O2 was used. Compared to these previously reported catalysts, 

Fe/MIL-47 in the current study showed great performance in MB degradation (87.4% degradation 

within 90 min) under the milder condition in which relatively small amounts of catalyst (50 mg L-

1) and H2O2 (10.4 mM) were applied.  

 

3.5. Reusability and stability of Fe/MIL-47 

The reusability and stability of Fe/MIL-47 was examined by means of repetitive degradation 

of MB (two cycles) in the presence of UV/H2O2 at pH 3 (Fig. S3). The reaction rate constant (k) 

of MB degradation in 60 min was 0.0167 min-1 during the 1st cycle and decreased to 0.0102 min-1 

in the 2nd cycle. The decrease in reaction rate may be attributed to the partial loss of crystalline 

structure in Fe/MIL-47 after its application as evidenced by the XRD spectra (Fig. 1b,d). Although 

the previous studies reported negligible changes in the framework of MIL series materials after 

photocatalytic reaction under UVC irradiation (Liang et al., 2015), it has also been suggested that 

the crystal structure of MIL series containing Fe [i.e., MIL-53(Fe)] exhibited changes after 

treatment with strong oxidant (i.e., persulfate) (Pu et al., 2017). In the current study, the presence 

of a strong oxidant would have been a key factor altering the MOF structure. Hydroxyl radicals 

derived from the Fenton reaction or photo-Fenton reaction (eq. 2 and 3) between H2O2, UV, and 

Fe might cause the damage to MIL-47 framework by deforming the terephthalic linkers to other 

products through the addition of OH (Li et al., 2015).  
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In addition, relatively small fragments were observed in used Fe/MIL-47 via FE-SEM (Fig. 

S1e), compared to those present in fresh Fe/MIL-47 (Fig. S1c). The external surfaces of Fe/MIL-

47 were slightly crushed along with some cracks after photocatalytic reaction (Fig. S1f). HR-TEM 

image of the used Fe/MIL-47 showed its structural disintegration, with the small fragments being 

detached from the main structure (Fig. 2c). This observation may be attributed to transformation 

of some organic linkers. Nevertheless, the crystalline structure of MIL-47 only partially collapsed, 

in view of FE-SEM and HR-TEM images and the persistence of characteristic XRD peaks at 2θ = 

10.2, 12.0, 16.5, 17.2, 20.5, and 31.0 ° (Fig. 1d). Although there is an issue associated with stability 

of catalyst for further improvement in the future, Fe/MIL-47 still maintained satisfactory 

photocatalytic activity after repetitive cycles. 

 

4. Conclusions 

A new modified photocatalyst based on the vanadium carboxylate MOF (Fe/MIL-47) was 

synthesized by incipient wetness impregnation using an ethanolic Fe(III) chloride solution, and its 

photocatalytic ability was evaluated with MB removal experiments. It was observed that high 

capacity and high rate of MB degradation were achieved by the impregnation of extra-framework 

Fe species into MIL-47, which exhibited superior photocatalytic ability compared to zeolite ion-

exchanged with Fe species. The reusability of Fe/MIL-47 was demonstrated by means of repetitive 

cycles. As the present work evaluated the feasibility of using metal-impregnated MOFs for 

photodegradation of dye pollutants in aqueous solution, such simple surface modification emerges 

as a promising alternative serving the wider context of environmental remediation. Given the 

simplicity, low cost, low environmental impact, and high effectiveness of the proposed 

modification method, it can be utilized as practical way to upgrade the photocatalytic ability of 
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MOFs as well as to enhance the environmental sustainability of remediation process, by reducing 

the electricity demand of UV-driven process due to fast pollutant degradation. The stability of 

modified photocatalysts by adopting water-stable supports deserves further investigation. 
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Figure Captions 

 

Figure 1. XRD patterns of (a) MIL-47, (b) Fe/MIL-47, (c) Fe/MIL-47 samples treated by 0.52 

mM H2O2 at pH 3 for 24 h at 30 °C without UVC irradiation, (d) Fe/MIL-47 collected after 

photocatalytic reaction (initial MB concentration = 0.02 mM, H2O2 concentration = 0.52 mM, 

catalyst dose = 10 mg L-1, pH = 3.0, temperature = 30 °C, UVC irradiation: 900 W/cm2 at 7.5 cm). 

 

Figure 2. HR-TEM images of (a) MIL-47, (b) Fe/MIL-47, and (c) Fe/MIL-47 samples after 

photocatalytic reaction (initial MB concentration = 0.02 mM, H2O2 concentration = 0.52 mM, 

catalyst dose = 10 mg L-1, pH = 3.0, temperature = 30 °C, UVC irradiation: 900 W/cm2 at 7.5 cm). 

 

 

Figure 3. (a) Photocatalytic degradation of MB by UV/H2O2, Fe/MIL-47, Cu/MIL-47, and MIL-

47 samples. (b) ln(C/C0)-t curve of MB degradation kinetics (initial MB concentration = 0.02 mM, 

H2O2 concentration = 0.52 mM, catalyst dose = 10 mg L-1, pH = 3.0, temperature = 30 °C, UVC 

irradiation: 900 W/cm2 at 7.5 cm). 

 

Figure 4. A schematic diagram for the photocatalytic process of Fe/MIL-47 composite in the 

presence of H2O2. 

 

Figure 5. (a) Removal of MB (solid lines) and TOC (dotted lines) by Fe/MIL-47 (red diamond) 

and Fe/zeolite-Y samples (white triangle). (b) ln(C/C0)-t curve of MB removal kinetics (initial MB 

concentration = 0.4 mM, H2O2 concentration = 10.4 mM, catalyst dose = 50 mg L-1, pH = 3.0, 

temperature = 30 °C, UVC irradiation: 900 W/cm2 at 7.5 cm). 

 

Figure 6. Effect of (a) temperature (20-50 °C), (b) catalyst dose (0-140 mg L-1), (c) pH (2-7) and 

(d) molar ratio of H2O2:MB (0-50) on the removal of MB and TOC by Fe/MIL-47 sample [basic 

condition: initial MB concentration = 0.2 mM, H2O2 concentration = 5.2 mM, catalyst dose = 60 

mg L-1, pH = 3.0, temperature = 30 °C, UVC irradiation: 900 W/cm2 at 7.5 cm, contact time = 60 

min]. 
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Figure 5.  
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Figure 6. 
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Table 1. Comparison with photocatalytic degradation of MB reported in the literature 

Catalyst 

type 

Initial MB 

concentration, 

[mM] 

Catalyst 

dose,  

[mg L-1] 

Photocatalytic 

condition (UV 

irradiation & 

H2O2) 

Initial 

pH  

Photodegradation 

efficiency, [%] 
References 

AgNPs 

derived 

from waste 

tea extract 

0.008  125  
no UV irradiation 

& 294 mM H2O2  
7.5  

about 74% within 

50 min  

(Qing et al., 

2017) 

Nano-

Fe3O4 
0.3  500  

UV irradiation: 

10 W UVC-lamp 

& 2.95 mM H2O2  

3.0  
about 90% within 

90 min 

(Li et al., 

2014) 

Mg-Fe-Al 

Layered 

Double 

Hydroxides 

9.4  1,000  

UV irradiation: 

no information & 

132 mM H2O2 

not 

measured 

about 80% within 

50 min 

(Mg/Fe/Al = 

6/1/3) 

(Thao and 

Trang, 2013) 

MnO2-

templated 

iron oxide-

coated 

diatomite 

0.06  100  

UVC 

irradiation:125W 

mercury lamp & 

90 mM H2O2  

3.0  
77.5 % within 

120 min 

(He et al., 

2018) 

Fe/MIL-47 0.4  50  

UVC irradiation: 

900 W cm2 at 7.5 

cm & 10.4 mM 

H2O2  

3.0  
87.4% within 90 

min  
present study 
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Figure S1. FE-SEM images of (a,b) MIL-47 (×17 k and ×33 k magnifications), (c,d) Fe/MIL-47 

(×17 k and ×33 k magnifications), (e,f) Fe/MIL-47 after photocatalytic reaction (×17 k and ×33 k 

magnifications) (initial MB concentration = 0.02 mM, H2O2 concentration = 0.52 mM, catalyst 

dose = 10 mg L-1, pH = 3.0, temperature = 30 °C, UVC irradiation: 900 W/cm2 at 7.5 cm). 
  

  (f) Fe/MIL-47 post 

reaction 
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Figure S2. (a) Removal of MB by MIL-47, MIL-53(Al), UV/H2O2, and MIL-47 samples without 

UVC irradiation. (b) ln(C/C0)-t curve of MB degradation kinetics by MIL-47, MIL-53(Al), and 

UV/H2O2 (initial MB concentration = 0.02 mM, H2O2 concentration = 0.52 mM, catalyst dose = 

10 mg L-1, pH = 3.0, temperature = 30 °C, UVC irradiation: 900 W/cm2 at 7.5 cm). 
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Figure S3. Repetitive degradation of MB by Fe/MIL-47 sample (initial MB concentration = 0.4 

mM, H2O2 concentration = 10.4 mM, catalyst dose = 50 mg L-1, temperature = 30 °C, UVC 

irradiation: 900 W/cm2 at 7.5 cm). 
 

 


