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Abstract
In this study, a facile hydrothermal method was used to prepare  Fe3O4/MIL-101 composite as a photocatalyst. The resulting 
composite was characterized using X-ray diffraction, scanning electron microscopy, nitrogen adsorption/desorption iso-
therms, thermal analysis, X-ray photoelectron spectroscopy, and UV–Vis diffuse reflection spectroscopy. The  Fe3O4/MIL-101 
composite possesses a large surface area and mesoporous structure and exhibits a good photocatalytic activity for the MB 
degradation in the visible light region. A kinetic model for dye degradation over this heterogeneous catalyst was proposed 
by combining the parameters of the Langmuir isotherms and the kinetics of the unimolecular reaction. The proposed model 
fixes well with the experimental data. The mechanism of MB photocatalytic degradation is also addressed. The catalyst is 
stable after three recycles, which makes it a potential candidate for environmental restoration.
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1 Introduction

Recently, the semiconductors have widely used as pho-
tocatalysts to degrade the organic pollutants in aquatic 
sources because of unique advantages including recycla-
ble ability, taking advantage of solar energy, and low cost 
[1–7]. Metal–organic frameworks (MOFs) are a class of 
compounds consisting of metal ions or clusters coordinated 
to organic ligands to form one-, two-, or three-dimensional 
structures. They are considered as the new generation semi-
conductors in photocatalytic application. Primary studies on 
MOF-5 (Zn-benzene-1,4-dicarboxylate) have proved that 
benzene-1,4-dicarboxylate in MOF-5 can act as antennas 
to absorb light and activate zinc, which is similar to inor-
ganic semiconductor quantum dots, via a linker to metal 
cluster charge transfer [8]. MIL-101, which is one of MOFs 

materials, has received considerable attention owing to its 
high surface area and porosity, well-defined structure, and 
chemical stability. MIL-101, reported by Férey et al. has 
the formula as  Cr3X(H2O)2O(BDC)3 where X can be F or 
OH; BDC is benzene-1,4-dicarboxylate [9]. It is applied 
in sensor technology [10], gas adsorption and separation 
processes [11], catalysis [12, 13], and ion exchange [14]. 
Recently, combining functional nano and microparticles 
with MIL-101 in order to fabricate nano-composites with 
specific functional properties has attracted the interest of 
many researchers. In particular, the introduction of magnetic 
materials into MIL-101 has received considerable attention 
because the composites can be easily positioned by an exter-
nal magnetic field. From the catalysis and adsorption point 
of view, magnetic separation has many more advantages 
compared with filtration, centrifugation, and liquid–liquid 
extraction [15].  Fe3O4/MIL-101 is reported for the efficient 
removal of Acid Red 1 and Orange G [16], Acid Orange 7 
[17] from aqueous solutions, and a selective and regenerat-
able adsorbent for the removal of arsenic species from water 
[18]. MIL-101 plays a crucial role as a carrier in the  Fe3O4/
MIL-101 catalyst in the catalytic conversion of benzyl alco-
hol to benzaldehyde by enhancing the catalytic activity of 
 Fe3O4 nanoparticles [19].  Fe3O4/MIL-101 is a highly effi-
cient heterogeneous catalyst for the dimerization reaction of 
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o-phenylenediamine in the presence of  H2O2 [20]. MOF-5 
(zinc-terephthalate) was reported first for photocatalytic 
activity. Then, more and more MOFs have found utility as 
novel photocatalysts [21, 22]. Several papers reported visi-
ble-light photocatalytic activity of modified MIL-101 such 
as N–K2Ti4O9/MIL-101 composite [22],  WO3/MIL-101 for 
enhancement charge carrier separation of photocatalyst [23], 
 Ag3PO4/MIL-101/NiFe2O4 composite [24],  MnOx/MIL-
101 [25], and  Bi25FeO40/MIL-101/PTH [26]. To the best 
of our knowledge, few papers have dealt with the study of 
the visible-light-driven photocatalytic properties of  Fe3O4/
MIL-101 up to now.

In the present paper, the synthesis of  Fe3O4/MIL-101 is 
demonstrated, and the visible-light-driven-photocatalytic 
degradation of methylene blue using this material as a cata-
lyst is also investigated.

2  Experimental

2.1  Materials and characterizations

Chromium nitrate hexahydrate (Cr(NO3)2·6H2O, Daejung, 
Korea, ≥ 99%), Acid Terephthalic  (C8H6O4, Merck, 99%), 
Iron(III) chloride hexahydrate  (FeCl3·6H2O, Daejung, 
Korea, 98%), Iron(II) chloride tetrahydrate  (FeCl2·4H2O, 
Daejung, Korea, 99%), Methanol  (CH3OH, Chemical 
Factory Co., Ltd. China, 99%), Methylene blue (MB) 1% 
 (C16H18N5N3SCl, China) were used in this paper.

The X-ray diffraction (XRD) patterns were performed 
with a D8-Advance (Brucker, Germany) with Cu-Kα radia-
tion of 0.154 nm. Infrared analyses were conducted on a 
BIO-RAD FTS-3000 spectrometer (Shimadzu, Japan). 
The textural properties of the samples were studied using 
nitrogen adsorption/desorption isotherms on Micromerit-
ics ASAP 2020 (USA). The morphology was studied using 
scanning electron microscopy (SEM) and the elemental 
analyses were conducted using EDX spectroscopy on JSM 
Jeol 5410 LV (Japan). Transmission electron microscopy 
(TEM) was carried out using a JEOL JEM–2100F micro-
scope. X-ray photoelectron spectroscopy (XPS) was per-
formed on an ESCALab 250 (ThermoScientific Corpora-
tion, Japan) spectrometer. Magnetic measurements were 
conducted on a DMS 880 (ADE Technologies, USA) mag-
netometer with filed sweeping from − 20000 to 20000 Oe 
at room temperature. The photoluminescence (PL) was 
recorded by means of a spectrometer Horiba Jobin–Yvon 
HR800 LabRam using UV excitation. Raman spectra were 
recorded with a 750 nm laser excitation on a Horiba Raman 
Spectrometer. The concentration of MB was determined 
using a UV 1800 (Shimadzu, Japan) spectrophotometer at a 
maximal wavelength of 664 nm.

2.2  Synthesis of  Fe3O4/MIL‑101

MIL-101 was synthesized according to Férey et al. [9]. 
Typically, 1.66 g of terephthalic acid was mixed with 5 g of 
Cr(NO3)3·9H2O, 260 µL of HF, and 63 mL of distilled water. 
The mixture was transferred into a Teflon-lined autoclave, 
which was sealed and heated to 200 °C in 2 h and kept at 
this temperature for 8 h. After cooling to room temperature, 
the solid (MIL-101) was obtained by filtration, washed with 
ethanol,  NH4F, and N,N-dimethylformamide at 60 °C for 
24 h to remove the residual terephthalic acid. The  Fe3O4/
MIL-101 material was synthesized according to Saikia 
et al. [19]. Practically, 1 mmol of  FeCl2·4H2O and 2 mmol 
of  FeCl3·6H2O were added to 100 mL of distilled water 
containing 0.5 g of MIL-101 prepared in the first experi-
ment. The resulting suspension was stirred vigorously under 
a nitrogen flow for 1 h; then, 14 mL of an  NH3 solution 
was added. The resulting black suspension was stirred for 
another 30 min. After that, it was collected by centrifuga-
tion and dried at 100 °C for 24 h. The resulting product was 
denoted as  Fe3O4/MIL-101. The  Fe3O4 was synthesized for 
iron (II) and (III) chloride as above mentioned for the sake 
of comparision.

2.3  Photocatalytic degradation of MB

The photocatalytic activity of  Fe3O4/MIL-101 was studied in 
the degradation of MB at ambient temperature. The adsorp-
tion of MB from aqueous solutions was performed in the 
dark for 300 min to ensure saturation. Then, the mixture 
solution continued to be stirred mechanically and visible 
light (60 W incandescent Lamp) was illuminated from the 
bottom with a cut-off filter (< 400 nm) as shown in Fig. 1. 
For each experiment, 0.05 g of  Fe3O4/MIL-101 was placed 
in a 500 mL3 beaker containing 300 mL3 of dye solution 
(10–50 mg L−1), which was stirred magnetically at 30 °C. 
3 mL of the sample was withdrawn at different time intervals 
and determined for the MB concentration. Each determina-
tion was repeated three times. The decolorization fraction 
is expressed as follows:

where C0 and Ct is MB concentration at initial and certain 
time.

The chemical oxygen demand (COD) of the MB solution 
was determined using the ASTM method [27]. The sample 
was oxidized by a boiling mixture of chromic and sulfuric 
acids and refluxed in a strong acid solution with a known 
excess of potassium dichromate. After digestion, the remain-
ing unreacted  K2Cr2O7 was titrated with ferrous ammonium 

(1)F =
(C0 − Ct)

C0

× 100
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sulfate to determine the amount of  K2Cr2O7 consumed, and 
the oxidizable matter was calculated in terms of oxygen 
equivalent. The samples were analyzed in three measure-
ment to yield the most reliable data.

3  Results and discussion

3.1  Characterization of  Fe3O4/MIL–101

Figure 2a represents the XRD patterns of MIL-101 and 
 Fe3O4/MIL-101. The characteristic diffractions of MIL-
101 at 2θ of 5.12°; 5.85°; 8.5°; 9.1°, and 10.4° correspond 
to Miller index of (511), (822), (753), (1022) and (880), 
respectively [15, 16].These sharp peaks with high intensities 
indicate that the obtained MIL-101 exhibits high crystallin-
ity [9, 15, 16]. Figure 2b presents XRD pattern of  Fe3O4. 
The diffractions of  Fe3O4 appear at Miller indices (220), 
(311), (400), (422), (511), and (440) (JCPDS No: 00-001-
1111). The XRD pattern of  Fe3O4/composite is composed 
of characteristic of  Fe3O4 and MIL-101. The results show 
that  Fe3O4 is encapsulated into MIL-101 and the MIL-101 
structure possesses integrity in  Fe3O4/MIL-101 composite.

Vibration bands of FT-IR spectra at around 1398 cm−1 are 
assigned to the framework (O–C–O)-groups, confirming the 
presence of the dicarboxylate moieties within MIL-101 or 
 Fe3O4/MIL-101 [20, 21]. The bands at around 3427 cm−1, 
2359 cm−1, and 1624 cm−1 are owing to the water molecules 
within the frameworks [11, 12]. No vibration at 632 cm−1 
proves no phase of hematite in nanocomposite [17, 18]. 
The characteristic broad band at 586 cm−1 for the  Fe3O4/

MIL-101 proves the incorporation of Fe–O groups on MIL-
101 [20] (Fig. 2c).

The nitrogen adsorption/desorption isotherms of MIL-
101 and  Fe3O4/MIL-101 are presented in Fig. 2d. The curves 
belong to the H4 type according to IUPAC classification. 
MIL-101 has a BET (Brunauer–Emmett–Teller) surface area 
of 3360 m2 g−1 and a pore volume of 1.43 cm3 g−1.  Fe3O4/
MIL-101 has a lower BET surface area and pore volume 
than the parent material because the pores of the parent 
material are filled with  Fe3O4 particles. However, a signifi-
cant BET surface area of 1860 m2 g−1 and pore volume of 
0.72 cm3 g−1 are conserved. This also proves the encapsula-
tion of iron oxides within the pores of the framework.

The TGA and DTA curves of  Fe3O4/MIL-101 exhibit 
two main weight losses: the first in the temperature range of 
25–118 °C corresponds to the loss of the physically adsorbed 
water and the second between 118 and 375 °C is associated 
with the decomposition of the organic framework with an 
exothermic peak at 375.89 °C (Fig. 2e).

The morphology of MIL-101 and  Fe3O4/MIL-101 was 
observed using SEM (Fig. 3a, b). Pure MIL-101 shows 
0.5 µm octahedral shape particles with smooth facets, while 
 Fe3O4/MIL-101 provides the octahedral particles with rough 
facets because the fine particles of  Fe3O4 with 10–20 nm 
size are incorporated into the MIL-101 surface (Fig. 3c). 
The elementary analysis by means of EDX shows the pres-
ence of iron and chromium in the  Fe3O4/MIL-101 com-
posite (Fig. 3d). Since the results of EDX only reflect the 
surface composition of the elements, the molar ratio of Fe/
Cr (1.27/1) is significantly higher than that of the initially 
synthesized gel (0.38/1), indicating that iron is introduced 
into MIL-101 and located mainly on the surface the crys-
tals. No typical hysteresis loop of the  Fe3O4/MIL-101 nano-
composite is observed, suggesting the superparamagnetic 
behavior of the material owing to the aggregation of the 
small-sized spherical magnetic particles (Fig. 3e). The satu-
ration magnetization value of the nanocomposite is around 
15 emu g−1. This value is small compared with that of the 
 Fe3O4 nanoparticles due to the small particle size effect and 
the presence of the non-magnetic MIL-101 support in the 
nanocomposite. This superparamagnetic behavior of the 
 Fe3O4/MIL-101 composite allows the particles to aggre-
gate rapidly in the presence of an external magnetic field. 
However, the particles disperse easily as soon as the external 
field is removed.

The elemental composition and oxidation states of the 
metals were studied using X-ray photoelectron spectroscopy 
(XPS). The XPS survey spectrum shows that C, O, Cr, and 
Fe exist in  Fe3O4/MIL-101 (Fig. 4a). Figure 4d demonstrates 
the high-resolution XPS spectrum of C1s, which can be 
deconvoluted into two surface components, corresponding 
to the carbon components on the benzoic ring at a binding 
energy of 284.6 eV and the carboxylate (C=O) groups of the 

Fig. 1  Equipment for photocatalytic degradation: 1. Mechanical stir-
rer, 2. Aluminum paper, 3. Reactor, 4. Cut-off filter, 5. Visible light 
source
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terephthalate linkers at a binding energy of 288.6 eV [21, 
28]. The XPS spectrum of O1s could be fitted by two peaks 
at binding energies of around 531.7 and 530.4 eV (Fig. 4e), 
which are assigned to the oxygen components on terephtha-
late linkers and on the iron oxide, respectively [22, 23]. For 
the Fe2p spectrum (Fig. 4b), the binding energy peak around 
714.4 eV is contributed to Fe2p3/2 and the peak at 725.8 eV 

is contributed to Fe2p1/2. All of these results clearly confirm 
the formation of  Fe3O4/MIL-101. The binding energy values 
of 585.8 eV for Cr2p1/2 and 576.3 eV for Cr2p3/2 (Fig. 4c) 
are typically assigned to Cr(III) [29].

The photoluminescence (PL) emission spectrum has 
widely been employed to study the efficiency of charge 
carrier trapping, immigration, and transfer [30–32]. In 

Fig. 3  SEM observation of MIL-101 (a) and  Fe3O4/MIL-101 (b); TEM observation of  Fe3O4/MIL-101 (c); EDX spectrum of  Fe3O4/MIL-101 
(d); magnetic hysteresis loops of  Fe3O4/MIL-101 (e)



1704 Journal of Porous Materials (2019) 26:1699–1712

1 3

order to study the effect of  Fe3O4 on the recombination 
of electron–hole pairs produced by MIL-101. The PL pre-
sented in Fig. 5a compares electron–hole recombination 
of  Fe3O4/MIL-101 and MIL-101. MIL-101 shows a broad 
PL emission band, which is similar to that in the litera-
ture [33].  Fe3O4/MIL-101 shows diminished PL intensity, 
implying lower charge recombination in comparison with 

pure MIL-101. Peak shifting from 392 nm for MIL-101 
to 400 nm for  Fe3O4/MIL-101 is resulted from the trap-
ping of electrons at defect sites prior to recombination 
[34]. Raman spectra were employed to study the struc-
ture and surface defects of semiconductors [35]. We 
did not observe obvious peak shifts for the MOF bands 
in the Raman spectra. The two sharp peaks at 1618 and 
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Fig. 4  XPS spectra of  Fe3O4/MIL-101: a survey spectrum; b Fe2p; c Cr2p; d C1s; e O1s
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1461  cm−1 correspond to the D and G bands, respec-
tively [36, 37]. The intensity ratio of the D and G bands 
(ID/IG) is used to estimate the disorder in the materials. It 
is found that the ID/IG ratio of  Fe3O4/MIL-101 (1.43) is 
higher than that of pure MIL-101 (1.37), which implies 
that magnetic iron oxide has successfully been tailored in 
 Fe3O4/MIL-101 (Fig. 5b). The UV–Vis diffuse reflection 
spectrum is widely used to calculate the optical band gap 
energy [2, 3, 6, 7]. The band gaps of the  Fe3O4/MIL-101 
composite were studied by means of a UV–Vis diffuse 
reflection spectrum at room temperature (Fig. 5c).  Fe3O4/
MIL-101 shows an absorption edge around 200–600 nm 
(Fig. 5c). A very high absorption peak around 230 nm 
indicates the π → π* transitions in the terephthalate ring. 
 Fe3O4/MIL-101 shows a remarkable absorption band shift-
ing towards the longer wavelength region. The band gaps 
obtained from the Kubelka–Munk plot are 3.48 and 2.4 eV 
(Fig. 5d). The observed decrease in the band gap energy of 
the iron-doped MIL-101 may be attributed to the excita-
tion of the 3d electrons of Fe(III) or Fe(II) to the conduc-
tion band level of Cr by a charge transfer transition. The 

low band gap at 2.4 eV enables  Fe3O4/MIL-101 to exhibit 
the photocatalytic activity under visible light.

3.2  Visible‑light‑driven photocatalytic degradation 
of MB over  Fe3O4/MIL‑101

3.2.1  Catalytic kinetics

Figure 6a shows the decolorization fraction for MB in 
dark adsorption and under the visible light illumination 
with and without the catalyst. The MB solution was not 
decolorized under visible light in the absence of MIL-
101 and  Fe3O4/MIL-101, indicating that the photolysis 
of MB under this condition could be ignored. MIL-101 
exhibits a higher adsorption capacity than  Fe3O4/MIL-101 
with the equilibrium decolorization fraction at 73.5% and 
57.3% in dark adsorption, respectively. However, the MB 
solution decolorizes up to 95% with  Fe3O4/MIL-101 after 
650 min of illumination; meanwhile, the decolorization 
is not observed in the MB solution containing MIL-101 
under the same condition. This suggests that MIL-101 
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is not a photocatalyst for MB degradation. The leaching 
experiment, in which  Fe3O4/MIL-101 was filtered after 
420 min, was also conducted. The decolorization of MB 
does not take place under illumination, confirming that 
 Fe3O4/MIL-101 is a heterogeneous photocatalyst in the 
degradation of MB.

The UV–Vis spectra for the photocatalytic degradation 
of MB over  Fe3O4/MIL-101show that the adsorption band 
peaks at 664 nm (electron transfer π → π* in the MB struc-
ture), and the concentration of MB in the solution decreases 
with illumination time (Fig. 6b).

To confirm the mineralization of MB over  Fe3O4/MIL-
101, the change of COD of the reaction products with time 
was analyzed. The initial COD of 82.6 mg L−1 decreases 
with the illumination reaching 35.2 mg L−1 after 720 min 

(Fig. 6c). This decrease proves that  Fe3O4/MIL-101 is an 
efficient photocatalyst for MB degradation under visible 
light.

There are two common approaches for investigating 
formal kinetics of heterogeneous catalytic reactions: (i) 
the light illumination is performed as soon as the catalyst 
is included; (ii) the light illumination is performed only 
when the catalyst adsorbs at saturation in the dark. There 
is a difficulty to distinguish the adsorption and catalysis 
processes in the first approach. This problem is solved in 
the second approach, but it is difficult to determine the 
initial concentration of the catalyst in the kinetic equation. 
In this case, the initial concentration is considered as the 
equilibrium concentration in dark adsorption. Very few 
articles [38] have dealt with this issue so far.
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It is known that the Langmuir–Heishellwood model is 
widely used to study the formal kinetics of dye degradation 
over heterogeneous photocatalysts. This model is as follows:

where k1 is rate constant  (min−1); C0 and Ct are MB concen-
tration at initial and time t (mg L−1).

In the present study, we propose a modified Lang-
muir–Heishellwood model, in which the Langmuir equilib-
rium constant and the kinetics are combined.

Figure 7a presents the kinetics of adsorption and photocata-
lytic decolorization of MB over  Fe3O4/MIL-101.  Fe3O4/MIL-
101 exhibits a high adsorption capacity of MB. The adsorption 
is saturated between 240 and 300 min depending on the initial 
MB concentration. The higher the MB concentration causes 
the slower saturation. After 300 min, the adsorption ensures 
saturation.

The equilibrium adsorption capacity, qe, is expressed as 
follows:

where C0 and Ce are the MB concentration at initial and 
equilibrium time (mg L−1); V is the volume of the MB solu-
tion (L); m is the mass of catalyst (g).

The relationship between Ce and qe is expressed by the 
Langmuir isotherm model [38]:

(2)ln
Ct

C0

= −k1 × t

(3)qe =
V × (C0 − Ce)

m

(4)qe =
KL × qm × Ce

1 + KL × Ce

where qm is the maximum monolayer adsorption capacity 
(mg L−1); KL is the Langmuir adsorption equilibrium con-
stant (mg L−1).

The value of KL and qm can be obtained from the slope 
and intercept of the linear plot of 1/Ce versus qe. A high 
determination coefficient (R2 = 0.97) shows that this model 
could fix the experimental data well, and implies the mon-
olayer adsorption on the adsorbents. The values of qm and KL 
are 243.6 mg g−1 and 0.013 L mg−1, respectively.

It is supposed that MB molecules adsorb on the catalyst 
and then they degrade on the catalyst surface under visible 
light illumination. The overall reaction could be illustrated 
as follows:

where k1 is the forward adsorption rate constant; k–1 is the 
back adsorption rate constant; k2 is the photocatalytic rate 
coefficient.

It is supposed that the photocatalytic degradation is slow 
and is the rate-determining step. Therefore, the law rate is 
expressed as follows:

where C is the dye concentration (mg L−1) at time t; k2 is the 
kinetics rate coefficient (mg L−1 min−1); θ is the fraction of 
the surface covered by MB. θ is expressed in the Langmuir 
model [39]:

Substituting (6) to (5) gives

Fe3O4∕01 +MB
k1
⇌
k−1

(

Fe3O4∕MIL-101…MB
)∗ k2

−→ products

(5)r = −
dC

dt
= k2 × �

(6)� =
KL × C

1 + KL × C
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Fig. 7  a Adsorption and photocatalytic decolorization kinetics of MB over  Fe3O4/MIL-101 in dark and under visible light; b modified Lang-
muir–Hinshelwood’s plot at different initial concentrations of catalyst (conditions: C0 = 31.38 mg L−1, V = 100 mL, mCat = 0.05 g)
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Then,

Integrating Eq. (8) with the boundary conditions t → 0 
and C → C0e gives

When t = 0, then

Substituting (10) into (9) gives

where KL is the Langmuir adsorption equilibrium con-
stant (L mg−1), which is determined from the Langmuir 

(7)
dC

dt
= −k2 ×

KL × C

1 + KL × C

(8)∫
1 + KL × C

KL × C
× dC = −∫ k2 × dt

(9)
1

KL

× lnC + C = −k2 × t + I0

(10)I0 =
1

KL

× lnC0e + C0e

(11)
1

KL

× lnC + C = −k2 × t +
1

KL

× lnC0e + C0e

isotherm model as above; C0e (mg L−1) is the equilibrium 
concentration of adsorbate at time t (min) taken from light 
illumination.

The plot of the 1
K
lnC + C against t gives a straight line 

with slope k2 (Fig. 7b).
The kinetics data are fixed to the Langmuir–Hinshelwood 

model for the sake of comparison. The value of k2 at differ-
ent initial MB concentrations is listed in Table 1. The coef-
ficient of determination of the straight lines is higher than 
those of the Langmuir–Hinshelwood model (t(5) = 2.597, 
p value = 0.048 < 0.05), indicating the proposed modi-
fied Langmuir–Hinshelwood model has a goodness of fix 
for the experimental data. The value of k2 decreases with 
the increase of the initial MB concentration. A higher MB 
concentration can shield the light from interacting with the 
catalyst, resulting in a lower rate coefficient.

It is difficult to compare the catalytic activity of  Fe3O4/
MIL-101 composite in the present with that of other cata-
lysts previously reported due to different reaction conditions. 
The pseudo-first-order rate constant of Langmuir–Hinshel-
wood model seems appropriate to compare the catalytic 
activity because several authors report this value (Table 2). 
The value of the pseudo-first -order rate constant for the 
degradation on the present catalyst in the visible region is 
lower than that for P25  (TiO2) in the UV region and compat-
ible with Ce–TiO2, but higher than that for other catalysts 
reported such as Ag–ZnO and Ce–TiO2 in visible region. 
This result shows that the photocatalytic activity of  Fe3O4/
MIL-101 is relatively high.

3.2.2  Mechanism of heterogeneous catalyst

To figure out the mechanisms of photocatalytic activity, 
radical scavengers such as tert-butanol (TB), 1,4-benzo-
quinone (BQ), dimethyl sulfoxide (DMSO), and ammo-
nium oxalate (AO) were used to quench hydroxyl radicals 

Table 1  The value of k2 at different initial MB concentration

Concentration 
(mg L−1)

Modified Langmuir–Hin-
shelwood model

Langmuir–Hinshel-
wood model

k2 (mg L−1 min−1) R2 k1  (min−1) R2

10.09 1.169 0.971 0.0301 0.921
19.2 0.981 0.975 0.0136 0.932
31.38 0.562 0.970 0.00641 0.960
40.38 0.320 0.968 0.00349 0.950
51.98 0.280 0.951 0.00299 0.940
76.53 0.195 0.955 0.00185 0.845

Table 2  Comparion of pseudo-first-order rate constant of the present catalyst with published articles

Catalyst BET specific sur-
face area  (m2 g−1)

Light source (nm, power) Co (mg L−1)/volume 
(mL)/mcatalyst (mg)

Pseudo-first-order 
rate constant k 
 (min−1)

References

ZnO 8.21 UV, 20 10/100/50 0.022 [40]
Prinstine  TiO2 (P25) – 254, 11 W 10/100/50 0.09 [41]
Ce–TiO2 46 370, 18 W 9.60/100/50 0.025 [42]
TiO2 50 340, 125 W 23/2750/375 0.025 [43]
CdS 111.2 > 420, 500 W 25/200/80 0.0079 [44]
g-C3N4 9.8 > 420, 500 W 25/200/80 0.0039 [44]
g-C3N4–CdS 166.5 > 420, 500 W 25/200/80 0.0121 [44]
Ag/ZnO – > 570, (high pressure sodium lamp) 5/–/150 0.00547 [45]
Ta–ZnO 36 > 420, 300 10/50/50 0.0401 [46]
Fe3O4/MIL-101 1860 > 380, 60 W incandescent Lamp 10.09/100/0.05 0.0301 The present work
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( ⋅OH ), superoxide radicals (−·O2),  e− and  h+, respectively. 
The mixture of MB solution and the catalyst was stirred for 
300 min to ensure adsorption/desorption equilibrium and 
then the scavenger solution was added as soon as the light 
was turned on. As seen in Fig. 8, the MB degradation rate 
tends to decrease as the corresponding radical scavenger is 
added to the reaction solution. AO and TB decrease the MB 
degradation rate significantly. After 600 min reaction, the 
MB decolorization fraction reaches 82% for the case without 
radical scavengers, and it only reaches 49.5% for AO and 
43.8% for TB. Meanwhile, BQ and DMSO slightly slow 
down the degradation rate of MB. These findings imply that 
⋅OH and h+ play a critical role in MB degradation although 
−·O2 and e− contribute to MB degradation as well.

The general coupled semiconductor mechanism [6, 7, 34, 
45] could be manipulated to explain the MB degradation over 
the  Fe3O4/MIL-101 catalyst. The edge of the valence band 
(VB) and conduction band (CB) for MIL-101 is + 0.49 eV, 
and − 1.57 eV, respectively [47], and for  Fe3O4 is 0.48 and 
2.08 eV [48], respectively. Firstly, MB molecules adsorb 
quickly onto  Fe3O4/MIL-101 to form  MBads (reaction (12)). 
Both MIL-101 and  Fe3O4 could absorb visible light to generate 
the pairs of  e− and  h+ at CB and VB, respectively, according 
to reaction (13). CB of MIL-101 is more negative than that 
of  Fe3O4, then it will transfer the excited electrons to CB of 
 Fe3O4 that is believed to prevent the fast recombination of 
the photo-excited  e− and  h+ pairs. The LUMO (lowest unoc-
cupied molecular orbital) of photo-excited  MB· (–3.81 eV) is 
more negative than CB of  Fe3O4 [49]. Therefore, MB could act 
as the photosensitizer to favorably provide additional photo-
generated electrons into CBs of  Fe3O4 through the formed 
downstream channel (reaction (14) and (15)). The energy of  h+ 
of  Fe3O4 (2.08 V) is more positive than the potential of  H2O/
OH· (+1.9 V) [50]. Then,  h+ could be quickly converted to the 
hydroxyl radical upon oxidation of surface water, according 
to reaction (16). The potential of  e− in MIL-101 (–1.57 V) is 
more negative than that of  O2/−·O2 (–0.28 V), then introduced 
oxygen forms the free radicals −·O2, as reaction (17). These 
radicals are responsible for MB degradation (reaction (18) and 
(19)). According to the published articles [49, 50], the reac-
tions could be illustrated as follows (see Fig. 9): 

(12)Fe3O4∕MIL-101 + MB → MB(ads) → MB
⋅

(ads)

(13)Fe3O4∕MIL-101 + h� → Fe3O4∕MIL-101 (e− + h+)

(14)MB⋅

→ e− + MB⋅+

(15)MB⋅+
→ MB + h+
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Fig. 8  Effects of radical scavengers on the degradation effi-
ciency of methylene blue (conditions: Cscavenger = 10  mmol  L−1, 
Vscavenger = 2 mL, mCat = 0.05 g, C0 = 31.38 mg L−1)

Fig. 9  Proposed mechanism of 
MB degradation
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To evaluate the reusability of  Fe3O4/MIL-101 for cata-
lyzing MB degradation, the used  Fe3O4/MIL-101 was 
regenerated by drying for 24 h at 100 °C and then reused. 
The catalytic activities of the reused  Fe3O4/MIL-101 are 
presented in Fig. 10. The COD of the initial MB solution 
is 85.2 mg L−1. After 720 min of adsorption and illumi-
nation, COD reduces to 35.9 mg L−1. After the second, 
third and fourth cycle, COD reduces to 37.2, 39.8, and 
39.9  mg  L−1 (Fig.  10a). Although the photo-catalytic 
activity decreases gradually with an increase in cycles, 
the regenerated  Fe3O4/MIL-101 still remained good per-
formance for its catalytic activity. The  Fe3O4/MIL-101cat-
alyst after the fourth use shows an XRD pattern with the 
decreasing characteristic peaks in comparison with the 
original catalyst (Fig. 10b). This indicates the stability 
and true heterogeneous nature of the catalyst under the 
experimental conditions.

In addition, the  Fe3O4/MIL-101 catalyst reveals excel-
lent photocatalytic degradation of several other dyes 
(Congo Red (CR), Methyl Orange (MO), and Rhoda-
mine-B (RD) (Fig. 11). The results found above show that 
 Fe3O4/MIL-101 is a promising photocatalyst for the treat-
ment of organic pollutants in aqueous solutions.

(16)Fe3O4(h
+) + H2O → OH⋅

(17)MIL-101(e−) + O2(ads) →
−⋅ O2

(18)⋅OH +MB(ads) → Degradation products

(19)Fe3O4(h
+) +MB(ads) → Degradation products

(20)−⋅O2 +MB(ads) → Degradation products

4  Conclusions

Highly active  Fe3O4/MIL-101composite with large surface 
area, mesoporous heterostructures, and enhanced visible-
light absorption was successfully prepared on the basis of 
hydrothermal strategy where MIL-101 acts as the semicon-
ductor for the formation of catalytic heterostructures.  Fe3O4/
MIL-101 is a heterogeneous catalyst in nature and stable 
after the fourth reuse. We proposed a kinetic model of dye 
degradation over this heterogeneous catalyst by combining 
the parameters of Langmuir isotherms and kinetics of the 
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unimolecular reaction. This model exhibits goodness of fit 
for the kinetics data.
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