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Abstract
A new magnetic α-Fe2O3@MIL-101(Cr)@TiO2 photocatalyst was successfully prepared. The structural and morphological 
properties of synthesized photocatalyst were studied by FTIR, XRD, SEM, EDX and BET analysis. Optimizing of the removal 
of paraquat herbicide from aqueous solution was investigated by response surface methodology based on Box–Behnken 
design. The interactive effects of four parameters including the dosage of catalyst, pH, the initial concentration of paraquat 
and contact time, all have been studied on the photocatalytic degradation and COD reduction. A quadratic polynomial model 
was adjusted to the data with an R2 of 0.89 for photocatalytic degradation and R2 of 0.92 for COD reduction, respectively. 
The photocatalytic degradation and COD reduction were obtained 87.46% and 90.09% at the optimal conditions, after 
45 min using 0.2 g L−1 of α-Fe2O3@MIL-101(Cr)@TiO2, pH 7 and the concentration of paraquat 20 mg L−1. The kinetics 
of paraquat adsorption on the surface of α-Fe2O3@MIL-101(Cr)@TiO2 photocatalyst were obtained by the pseudo-second-
order and parabolic diffusion models.

Keywords Paraquat · Box–Behnken design · Photodegradation · Chemical oxygen demand

Introduction

Nowadays, water contamination is the main environmental 
problem that can be generated by organic pollutants contain-
ing herbicides, pesticides, pharmaceuticals and care prod-
ucts (Gobas et al. 1993). These compounds have toxic and 
non-biodegradable properties. They usually can be stored 
in the body as well. In order to maintain the quality and 
quantity of crops production, a wide range of pesticides 
are applied in horticulture and agriculture. Pesticides are 

involved fungicide, nematicide, herbicide, acaricide, insec-
ticides, etc (Marien et  al. 2016). These compounds are 
persistent and highly stable due to the formation of their 
organic complex. Using the pesticides leads to the serious 
dangers on the health of human. Therefore, the removal of 
these compounds must be considered significantly (Ahmed 
et al. 2011).

Paraquat dichloride or paraquat (1,1-dimethyl-4,4′-
bipyridylium dichloride) is one of the most important her-
bicides for controlling the weeds in agricultural products 
(De-Almeida and Yonamine 2007). This non-selective herbi-
cide has significant properties such as high toxic effects, sig-
nificant binding potential and notable solubility in the water. 
Paraquat can cause serious hazards for the environment 
and human health (Dhaouadi and Adhoum 2009). So, the 
removal or degradation of paraquat dichloride from water is 
an essential factor to prevent environmental pollution. The 
development of effective systems for the removal of organic 
contaminants from water stands as an essential need.

In recent years, removal of different types of pesticides 
has been reported using various methods like coagula-
tion–flocculation (Saini and Kumar 2016; Shabeer et al. 
2014), membrane separation (Doulia et al. 2016; Plakas 
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and Karabelas 2012), adsorption (Bajuk-Bogdanovic et al. 
2017; Liu et al. 2017), bioremediation (Alvarez et al. 2016; 
Castillo Diaz et al. 2016) and advanced oxidation processes 
(AOPs) (Marien et al. 2016). AOPs can fully mineralize 
the organic contaminates through the generation of highly 
oxidizing species such as superoxide or hydroxyl radicals. 
These methods are effective due to the low cost, high effi-
ciency and their environmental-friendly state (Marien et al. 
2016). Moreover, this method can be involved in the pro-
cesses such as ultrasound, electro-Fenton, ozonolysis and 
oxidation with  H2O2 under UV irradiation (Petit et al. 1995; 
Reddy and Kim 2015; Real et al. 2007; Kida et al. 2018; 
Zhang et al. 2010).

Among advanced oxidation processes, photocatalysis 
has attracted attentions as a favorable substituted method in 
the comparison with traditional wastewater treatment. This 
reaction is a non-selective process that can directly convert 
the contaminants into the harmless materials (Daneshvar 
et al. 2007).

Up to date, the photodegradation of organic compounds 
was performed by semiconductor photocatalysts including, 
ZnO, CdS,  TiO2,  WO3, etc (Lin et al. 2005; Kown et al. 
2000; Liu et al. 1998). Among the different types of pho-
tocatalysts, titanium dioxide  (TiO2) is mostly used as semi-
conductors for the removal of organic compounds because of 
its high efficiency, low cost, non-toxic nature, photochemi-
cal stability and commercial availability (Roy et al. 2011; 
Chen and Mao 2007). Usually, titanium dioxide generates 
electron–hole pairs under UV light in photocatalytic degra-
dation of organic pollutants. The hydroxyl and superoxide 
radicals are generated after separation. These radicals can 
oxidize the organic pollutants. The hydroxyl radicals are pro-
duced by the reaction of the holes with water molecule or 
adsorbed hydroxyl anion. Superoxide radicals are formed via 
the reaction of electrons with dissolved dioxygen (Marien 
et al. 2016).

One of the problems of titanium dioxide nanoparticles 
is difficult separation from the treated water (Wang et al. 
2011; Xi et al. 2011). Sedimentation is a common method 
for separation of  TiO2 photocatalyst. This method is a time-
consuming process; furthermore, a part of  TiO2 still remains 
in the treated water (Guo et al. 2011). Hence, the combi-
nation of  TiO2 nanoparticle and magnetic nanomaterials 
(such as  Fe3O4 and  Fe2O3) has recently become an impor-
tant topic of research in preparation of  TiO2 photocatalysts 
(Beydoun et al. 2000; Lee et al. 2004; Makovec et al. 2011). 
Among different nanomaterials, metal–organic frameworks 
(MOFs) are the field of interest over the past two decades. 
The porous crystalline materials are made of metal ions like 
zinc, copper, chromium, aluminum, zirconium which are 
coordinated with organic ligands (Wee et al. 2014). These 
compounds have unique properties such as high surface area, 
easy separation, high porosity, and diversity of functions and 

structures (E-Shall et al. 2009). They can be used in different 
fields including gas storage (Zhao et al. 2011), drug delivery 
(Horcajada et al. 2008, 2011; Taylor-Pashow et al. 2009), 
catalysis (Nguyen et al. 2017; Corma et al. 2010) and selec-
tive adsorption as well as separation (Li et al. 2009).

Up to now, the synthesis of magnetic photocatalyst based 
on the metal–organic framework (Dekrafft et al. 2012) and 
 TiO2-based magnetic photocatalysts (Chen et al. 2011; Su 
et al. 2016; Mirmasoomi et al. 2016) have been reported in 
the literature which is an interesting subject. However, there 
are only few reports for removal of paraquat using photo-
catalytic processes such as UV/ZrTiO4/ZrTi2O6/TiO2 (Nur-
Afiqah et al. 2016), Cu-TiO2/SBA-15 (Sorolla et al. 2012), 
UV/TiO2 (Moctezuma et al. 1999; Florencio et al. 2004; 
Nagaraju et al. 2017), or  TiO2 immobilized films (Tennakone 
and Kottegoda 1996; Noguchi et al. 1998; Lei et al. 1999; 
Kang 2002; Zahedi et al. 2015), or UV-ozonation method 
(Kearney et al. 1985), electrochemical advanced oxidation 
methods (electro-Fenton and photoelectro-Fenton) (Dha-
ouadi and Adhoum 2009) and photo-Fenton process (Trovo 
et al. 2013).

In this study, a novel magnetic α-Fe2O3@MIL-101(Cr)@
TiO2 photocatalyst was successfully prepared and its photo-
catalytic activity was tested on the degradation of paraquat 
in aqueous solution. The effective parameters such as con-
tact time, pH, catalyst dosage and concentration of herbicide 
were optimized by response surface methodology (RSM) 
based on central composite design (CCD).

Materials and methods

Materials and instrumentation

All reagents were of an analytical grade and were used with-
out further purification. The terephthalic acid  (H2BDC), 
chromium(III) nitrate nonahydrate (Cr(NO3)3·9H2O), 
iron(III) chloride hexahydrate  (FeCl3·6H2O), iron(II) chlo-
ride tetrahydrate  (FeCl2·4H2O), tetra butyl ortho titanate 
(TBOT), paraquat (purity = 95–98%), sodium hydroxide 
(NaOH), ammonia solution  (NH3·H2O, 30%), hydrchloric 
acid, acetic acid, deionized water and ethanol (96%) were 
purchased with high purity from Fluka, Merck and Sigma-
Aldrich chemical companies. The terephthalic acid  (H2BDC) 
and chromium(III) nitrate nonahydrate (Cr(NO3)3·9H2O) are 
used as a reagent for the synthesis of MIL-101(Cr). The 
iron(III) chloride hexahydrate  (FeCl3·6H2O) and iron(II) 
chloride tetrahydrate  (FeCl2·4H2O) are applied as reagents 
and NaOH as a catalyst for the synthesis of the  Fe2O3 nano-
particle. The tetra butyl ortho titanate (TBOT) is used for the 
synthesis of  TiO2 on the surface of  Fe2O3 @MIL-101(Cr). 
In the synthesis of  Fe2O3@MIL-101(Cr)@TiO2, the pH 
value was adjusted by adding hydrchloric acid, acetic acid 
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and sodium hydroxide. The composition and structure of 
synthesized photocatalyst were characterized by a Fourier 
transform infrared (Shimadzu, FTIR-8900) spectrometer. 
The crystallinity and crystal phases of photocatalyst were 
measured by X-ray diffraction (PHILIPS PW1730) with 
Cu-Ka radiation in the range of (XRD normal) 10–80 (2θ) 
and (low-angle XRD) 0–10 (2θ). Scanning electron micros-
copy (TE-SCAN) at 15 kV equipped with an energy-dis-
persive X-ray spectrometer was used for determination of 
morphology and size of the prepared photocatalyst. X-ray 
energy-dispersive spectroscopy (EDX) was used to deter-
mine the chemical composition and the elements. Pore 
size distribution was analyzed using desorption branch of 
the isotherm through the Barrett–Joyner–Halenda (BJH) 
method, and specific surface areas were calculated by the 
Brunauer–Emmett–Teller (BET) method. The nitrogen 
adsorption–desorption isotherms obtained at 77 K on BEL-
SORP-mini II, (BEL-Japan). In this study, a light source 
with 125 W medium-pressure UVC lamp (Arda, France) 
and emitting maximum wavelength at 247.3 nm was applied 
(Shokofan Tosee Company, Iran).

Preparation of (α‑Fe2O3 @MIL‑101(Cr)@TiO2)

The magnetic α-Fe2O3@MIL-101(Cr)@TiO2 photocatalyst 
was prepared in three steps. Firstly, MIL-101(Cr) was syn-
thesized hydrothermally according to the method reported 
in the literature (Bhattacharjee and Chena Ahn 2014). A 
mixture of terephthalic acid  (H2BDC) (0.332 g, 2 mmol), 
chromium(III) nitrate nonahydrate (Cr(NO3)3·9H2O) (0.8 g, 
2 mmol) and sodium hydroxide (NaOH) (0.2 g, 5 mmol) 
were added to 10 mL deionized water (DW) in a 50-mL 
magnetically stirred glass vial. The sample was heated at 
160 °C for 16 h and then was slowly cooled down to atmos-
pheric temperature. The green suspension of MIL-101 was 
filtered and centrifuged at 3000 rpm (for 15 min to collect 
the first precipitates of MIL-101) and 4000 rpm (for 15 min 
to collect the second precipitates of MIL-101). The second 
precipitates of MIL-101 were washed with deionized water 
(2 × 20 mL), ethanol (96%) (2 × 20 mL) and dried at 80 ◦C 
for 24 h in a hot air oven.

At the second step, magnetic  Fe2O3@MIL-101(Cr) nano-
particle was synthesized via a co-precipitation method (Saj-
jadifar et al. 2014). In this synthesis, (0.198 g, 1 mmol) of 
 FeCl2.4H2O, (0.540 g, 2 mmol) of  FeCl3.6H2O and 30 mL of 
deionized water were added to an aqueous suspension (10 mL) 
containing 0.5 g of MIL-101(Cr). The mixture was stirred at 
room temperature for 1 h. Then, an  (NH3·H2O, 30%) solu-
tion (15 mL) was dropped into the mixed solution until the 
pH value reached 10 and a large amount of black precipitates 
were produced. After 2 h of heating at 80 °C, black solids were 
slowly cooled down to room temperature. The resulting black 
solids were recovered by magnetic separation and repeatedly 

washed with deionized water until the pH became neutral. The 
dark brown precipitates formed were washed with ethanol 
(96%) (2 × 20 mL) and dried at 80 °C for 24 h in a hot air oven 
to give Ƴ or α-Fe2O3@MIL-101(Cr). However, the  Fe3O4 was 
transformed to  Fe2O3 (α-Fe2O3 and γ-Fe2O3 phases) that was 
proved by XRD measurement (Fig. 2).

Finally, the magnetic α-Fe2O3@MIL-101(Cr)@TiO2 
photocatalyst was synthesized via sol–gel technology. The 
α-Fe2O3@MIL-101(Cr) nanoparticle (0.5 g) was dispersed in 
the mixture solution of water–ethanol with a volume ratio of 
1:20. Then, the mixture was sonicated for 20 min in a powerful 
ultrasonic apparatus (sound intensity of 80 W cm−2). A dilute 
hydrochloric acid aqueous solution was added to the suspen-
sion until the pH value of the mixture was 4–5. A mixture 
solution of 7.5 mL tetrabutyl orthotitanate (TBOT) in 20 ml 
ethanol (96%) and 4 mL acetic acid (10%) prepared under 
magnetic stirring in 10 min. Then, this mixture was slowly 
dropped into the above suspension. The suspension was heated 
at 80 °C for 15 min. The precipitates were recovered by mag-
netic separation and washed with deionized water (2 × 20 mL) 
and ethanol (96%) (2 × 20 mL) until the pH became about 7. 
The magnetic photocatalyst particles were dried in an oven at 
80 °C and calcined at 500 °C for 2 h.

Photocatalytic degradation experiments

A stock solution (1000 mg L−1) of paraquat was prepared by 
dissolving paraquat in distilled water in order to investigate 
the efficiency of degradation. A certain dosage of the photo-
catalyst (0.1–0.5 g L−1) was poured in 1 L of paraquat solution 
with pH (3–11) and different concentrations (10–50 mg L−1) 
in each experiment. The pH of each solution was adjusted by 
adding NaOH or HCl (0.1 mol  L−1) and measured by pH meter 
(Metron, Switzerland). All reactions were performed at con-
stant temperature (25 ± 1 °C) for 15–75 min. Each solution was 
kept in the dark for 30 min for adsorption–desorption equilib-
rium. Then, the UV lamp was placed above the solution with 
10 cm distance. After completion of reaction time, the sus-
pension was centrifuged (Sigma-301, Germany) at 4000 rpm 
for 15 min for separation of nanocatalyst. The changes in the 
paraquat concentration were evaluated using a double beam 
UV–Vis spectrophotometer (Perkin–Elmer–Lambda 25, USA) 
at λmax = 257 nm with a calibration curve based on Beer–Lam-
bert law (Horwitz 2000). The efficiency of photocatalytic deg-
radation of paraquat was evaluated according to the equation:

In Eq. 1, Co is the initial concentration (g L−1) and C is the 
final concentration (g L−1) after photocatalytic degradation 
of paraquat.

(1)Phtocatalytic degradation (%) =
Co − C

Co

× 100
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COD reduction analysis

The COD analysis was used for determining the amount of 
organic compounds in samples before and after the photo-
catalytic reaction. In the present study, potassium dichro-
mate analysis was utilized for measuring COD (American 
Public Health Association, APHA 2005). The percentage of 
COD reduction was computed using the following equation:

In Eq. 2,  CODo and COD are the evaluated COD values 
before and after the photocatalytic reaction, respectively.

Design of experiments and statistical analysis

In this study, a response surface methodology (RSM) based on 
Box–Behnken design (BBD) was employed in order to reduce 
the number of experiments. The number of experiments 
were obtained 29. RSM is a significant, fast and economi-
cal statistics technique for the determination of interactive 
effects of parameters on experimental data (Fu et al. 2009). 
The variables and their levels selected for the photocatalytic 
degradation of paraquat were catalyst dosage (0.2–0.4 g L−1), 
the paraquat concentration (20–40 mg L−1), reaction time 
(30–60 min) and pH (3–11) (Table 1). Photocatalytic degra-
dation and COD reduction were evaluated as the responses 
shown in Table 2. In this study, a software package of Design 
Expert version 7.0.0 (Stat-Ease, Statistics Made Easy, Min-
neapolis, MN, USA) was applied. The models were studied 
from linear to partial cubic state, and a quadratic polynomial 
model was obtained suitable for investigating the effects of 
parameters. An analysis of variance (ANOVA) was applied 
to adequate the developed models with the observed data.  

Results and discussion

Characterization of α‑Fe2O3@MIL‑101(Cr)@TiO2

Fourier transform infrared analysis of catalyst

The FTIR spectra of the MIL-101(Cr), α-Fe2O3@MIL-
101(Cr) and α-Fe2O3@MIL-101(Cr)@TiO2 are shown in 

(2)COD reduction (%) =
(CODo − COD)

CODo

× 100

Fig. 1. The FTIR spectrum of MIL-101(Cr) (Fig. 1) is similar 
to the previous results (Jhung et al. 2007). The strong bands at 
1562 and 1384 cm−1 can be assigned to the vibrational stretch-
ing frequencies of the framework (O–C–O), confirming the 
presence of dicarboxylate linker in the MIL-101 framework 
(Jhung et al. 2007). The bands between 1430 and 1550 cm−1 
are attributed to the stretching vibration (C=C) of benzene. 
The vibrations of benzene rings (C–H) were observed at 1097, 
1020, 825 and 744 cm−1 (Maksimchuk et al. 2008). The bands 
at about 509 cm−1 are most likely to ascribe to in-plane and 
out-of-plane bending modes of  (COO−) groups (Maksimchuk 
et al. 2008). The band at 3429 cm−1 is due to the water mol-
ecules within the pores of MIL-101(Cr).

The FTIR spectrum of  Fe2O3@MIL-101(Cr) is presented 
in (Fig. 1). The bands at around 3427 and 1627 cm−1 can be 
assigned to the (–OH) stretching modes and bending vibra-
tion of the free or adsorbed water. In addition, the charac-
teristic absorption band of 524, 576 cm−1 was associated 
with (Fe–O) bonds. The (C=C) stretching vibrations of ben-
zene ring occurred in the range of 1430–1550 cm−1. The 
reduction of intensity can be attributed to the generation of 
 Fe2O3 on MIL-101(Cr). The expand band at 931 cm−1 was 
attributed to the out-of-plane bending vibration of (C–H) 
bonds. Also, the stretching of (C=C) bonds appeared at 
524–750 cm−1 overlapped with (Fe–O) bending modes.

The FTIR spectra of  Fe2O3@MIL-101(Cr)@TiO2 refer 
to the successful formation of this compound (Fig. 1). All 
bands of MIL-101(Cr) and  Fe2O3@MIL-101(Cr) appeared 
in their place. The spectrum showed a relatively broad 
band in the range of 3200 to 3520 and 1625 cm−1, which 
indicated the presence of the (–OH) group of the free or 
adsorbed water molecules. The bands around 1423 and 
1535 cm−1 of (O–C–O) groups confirm the presence of the 
dicarboxylate moieties within MIL-101. Also, the stretch-
ing of (C=C) bonds in benzene ring observed in the region 
1430–1550 cm−1 overlapped with (O–C–O) groups.

The presented bands of 800–950 and 1041 cm−1 corre-
spond to the (Ti–O–C) stretching vibrations (Cheng et al. 
2004). The (Ti–O–C) bond is predicted to be the result of 
an interaction between the (Ti–O) network and the (C=O) 
from dicarboxylate linker in the MIL-101 framework. The 
broadband centered at 550–700 cm−1 was likely due to 
the vibration of the (Ti–O-Ti) bonds in the  TiO2 lattice 
that overlapped with the stretching vibration of (C=C) 

Table 1  Crystallographic 
data obtained from XRD of 
α-Fe2O3@MIL-101(Cr)@TiO2

a The mean crystal size

Entry Phases present 2θ° Crystal system Lattice parameters (Å) Da
XRD (nm)

a b c

1 α-Fe2O3 35.65 Rhombohedral 5.0342 5.0342 13.7483 32.8
2 TiO2 25.29 Tetragonal 3.7892 3.7892 9.5370 36.2
3 TiO2 48.04 Tetragonal 3.8040 3.8040 9.6140 77.4
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Table 2  Composition of various experiments of the Box–Behnken design, and photocatalytic degradation and COD reduction responses for 
paraquat removal and ANOVA analysis of the quadratic polynomial model

Exp. no. Variable Photocatalytic degrada-
tion (%)

COD 
reduction 
(%)A: catalyst dosage 

(g  L−1)
B: paraquat concentration 
(mg  L−1)

C: pH D: contact time 
(min)

1 0.20 20.00 7.00 45.00 87.46 90.09
2 0.40 20.00 7.00 45.00 64.58 72.69
3 0.20 40.00 7.00 45.00 29.45 55.8
4 0.40 40.00 7.00 45.00 32.96 54.97
5 0.30 30.00 5.00 30.00 38.88 61.53
6 0.30 30.00 9.00 30.00 39.25 61.06
7 0.30 30.00 5.00 60.00 39.82 55.42
8 0.30 30.00 9.00 60.00 40.49 65.75
9 0.20 30.00 7.00 30.00 39.25 75.15
10 0.40 30.00 7.00 30.00 29.86 68.5
11 0.20 30.00 7.00 60.00 40.49 69.98
12 0.40 30.00 7.00 60.00 32.12 69.04
13 0.30 20.00 5.00 45.00 47.1 71.67
14 0.30 40.00 5.00 45.00 31.78 44.15
15 0.30 20.00 9.00 45.00 55.29 70.68
16 0.30 40.00 9.00 45.00 31.8 44.62
17 0.20 30.00 5.00 45.00 36.09 63.87
18 0.40 30.00 5.00 45.00 31.67 69.04
19 0.20 30.00 9.00 45.00 38.49 69.51
20 0.40 30.00 9.00 45.00 31.92 70.45
21 0.30 20.00 7.00 30.00 70.99 88.88
22 0.30 40.00 7.00 30.00 30.38 57.56
23 0.30 20.00 7.00 60.00 69.6 70.18
24 0.30 40.00 7.00 60.00 31.32 53.32
25 0.30 30.00 7.00 45.00 58.12 78.15
26 0.30 30.00 7.00 45.00 57.56 76.56
27 0.30 30.00 7.00 45.00 57.23 79.37
28 0.30 30.00 7.00 45.00 55.89 79.84
29 0.30 30.00 7.00 45.00 56.1 78.44

Source Sum of squares Degree of freedom Mean square F value p value

Model for photodegradation 5784.14 8 723.02 21.03 < 0.0001
A—Catalyst dosage 192.96 1 192.96 5.61 0.0280
B—Paraquat concentration 3582.14 1 3582.14 104.18 < 0.0001
C—Ph 11.80 1 11.80 0.34 0.5645
D—Time 2.28 1 2.28 0.066 0.7994
AB 174.11 1 174.11 5.06 0.0358
A2 617.71 1 617.71 17.97 0.0004
C2 1235.58 1 1235.58 35.94 < 0.0001
D2 493.93 1 493.93 14.37 0.0011
Residual 687.67 20 34.38
Lack of fit 684.01 16 42.75 46.71 0.0010
Pure error 3.66 4 0.92
Corrected total 6471.80 28
Model for COD reduction 3339.08 9 371.01 25.12 < 0.0001
A—Catalyst dosage 32.37 1 32.37 2.19 0.1551
B—Paraquat concentration 1970.43 1 1970.43 133.43 < 0.0001
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and (Fe–O) bonds from  Fe2O3. These data reveal that the 
novel  Fe2O3@MIL-101(Cr)@TiO2 magnetic photocata-
lyst was constructed.

XRD analysis of α‑Fe2O3@MIL‑101(Cr)@TiO2

The crystalline nature of magnetic α-Fe2O3@MIL-
101(Cr)@TiO2 photocatalyst was confirmed by normal and 
low-angle XRD analysis, merged in Fig. 2. The low-angle 

XRD patterns of α-Fe2O3@MIL-101(Cr)@TiO2 together 
with the pattern of parent MIL-101(Cr) are characteris-
tic of MIL-101(Cr) (Xu et al. 2015). The formation of the 
MIL-101(Cr) was investigated by the small angle XRD 
(2θ = 2°–10°). The diffraction peaks of the MIL-101(Cr) 
at 2θ = 5.1°, 5.5° and 9.8° are related to (115), (135) and 
(119) as reported previously (Cheng et al. 2004; Xu et al. 
2015). Diffraction peaks at around 2θ = 24.1°, 33.1°, 35.6°, 
40.8°, 56.1°, 64.0° and 72.3° are related to (012), (104), 

Table 2  (continued)

Source Sum of squares Degree of freedom Mean square F value p value

C—pH 22.39 1 22.39 1.52 0.2333
D—Time 70.04 1 70.04 4.74 0.0422
AB 68.64 1 68.64 4.65 0.0441
BD 52.27 1 52.27 3.54 0.0753
B2 405.75 1 405.75 27.48 < 0.0001
C2 832.41 1 832.41 56.37 < 0.0001
D2 171.31 1 171.31 11.60 0.0030
Residual 280.58 19 14.77
Lack of fit 274.14 15 18.28 11.35 0.0152
Pure error 6.44 4 1.61
Corrected total 3619.67 28

Fig. 1  FTIR spectra of the MIL-101(Cr), α-Fe2O3@MIL-101(Cr) and α-Fe2O3@MIL-101(Cr)@TiO2
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(110), (113), (116), (214) and (300) which are easily recog-
nized through the XRD analysis. The observed diffraction 
peaks agree well with the rhombohedral structure of α-Fe2O3 
(JCPDS cards 33-0664). The results show that the crystal 
formation of hematite phase started at 500 °C.

The diffraction peaks at 2θ = 25.2°, 36.8°, 37.6°, 38.5°, 
48.0°, 53.7°, 54.9°, 62.5° and 74.8° were related to (101), 
(103), (112), (004), (112), (200), (105), (211), (204) and 
(215) orientation planes of anatase  TiO2 with the tetragonal 
structure (JCPDS card No 71-1119). The prominent peak at 
angle 25.2° was illustrated the anatase phase as the major 
phase, while a small peak at angle 35.6° indicated the pres-
ence of α-Fe2O3. Based on Scherer’s equation, the mean 
crystal size of the α-Fe2O3 and  TiO2 films was achieved 32.8 
and 36.2 nm, respectively (Table 1).

where D is the mean crystal size, K a dimensionless shape 
factor with a value close to unity (0.94), λ the X-ray wave-
length, β the line broadening at half the maximum intensity 
(FWHM), and θ is the Bragg angle.

Nitrogen adsorption–desorption analysis of α‑Fe2O3@
MIL‑101(Cr)@TiO2

The nitrogen adsorption–desorption isotherms of α-Fe2O3@
MIL-101(Cr)@TiO2 photocatalyst are shown in Fig. 3a. The 
BET surface area of the catalyst is 67.58 m2 g−1. Signifi-
cantly, the specific surface area is much higher than previously 

(3)D =
K�

� cos �

reported value (11.6 m2 g−1) of α-Fe2O3@TiO2@MIL-101 
(Dekrafft et al. 2012). This result combined with the SEM and 
EDX images and reveals that α-Fe2O3@TiO2 structure has a 
metal–organic framework. The isotherms are identified as type 
IV, according to the IUPAC classification (Cheng et al. 2004) 
that are the characteristic isotherm of mesoporous materials. 
The total pore volume of at P/P0 = 0.990 is 0.1779 cm3 g−1. 
However, the curve exhibits a loose mesoporous structure at 
high relative pressures between 0.8 and 1.0. The pore size 
distribution data are indicated in 4.65 nm (Fig. 3b).

Field emission scanning electron microscopy analysis 
of α‑Fe2O3@MIL‑101(Cr)@TiO2

The field emission scanning electron microscopy (FESEM) 
was used to determine the morphology of α-Fe2O3@MIL-
101(Cr)@TiO2 photocatalyst. The spherical and uniform 
spherical-shape structure in the synthesized catalyst is shown 
in Fig. 4a. Also, the spherical area is rough that reveals crys-
talline nature of titania shell, nucleation and growth process 
of  TiO2 on the surface of α-Fe2O3 cores. These figures show 
the distribution of  TiO2 particles on  Fe2O3 with the mean 
diameter of 14–27 nm.

Energy‑dispersive X‑ray analysis of α‑Fe2O3@MIL‑101(Cr)@
TiO2

The energy-dispersive X-ray spectroscopy (EDX) was 
applied to illustrate the elemental distribution in α-Fe2O3@

Fig. 2  The XRD pattern of the a MIL-101(Cr), b α-Fe2O3@MIL-101(Cr) and c α-Fe2O3@MIL-101(Cr)@TiO2
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MIL-101 (Cr)@TiO2 photocatalyst. The peaks of Cr, Fe, 
Ti and O elements with element contents of 2.33%, 6.31%, 
29.32% and 62.04% (by weight), respectively, are shown 
in Fig. 4b. The higher peak intensity of Ti with respect to 
that of Fe is due to the higher fraction of  TiO2 in photocata-
lyst and its shielding effect. Moreover, the presence of the 
Cr peak is also attributed to the formation of MIL-101 in 
photocatalyst.

Model fitting and ANOVA

Photocatalytic degradation

The obtained photocatalytic degradation percentages using 
design matrix of the variables are given in Table 2. Fitting 
of the data to various models including linear, two factorial, 
quadratic, and cubic was investigated with their subsequent 
ANOVA. The results showed that a quadratic polynomial 

model was the most suitable one for photocatalytic degrada-
tion reaction. The equation of the model in terms of coded 
factors is described by the following equation:

where A is the catalyst dosage (g L−1), B paraquat concen-
tration (mg L−1), C pH, and D the contact time (min). The 
ANOVA analysis for this model is shown in Table 2. The 
insignificant terms were omitted from the model. The F 
value of the model (21.03) with a p value less than 0.05 
(< 0.0001) was obtained that showed this model is signifi-
cant at the 95% confidence level. Also, a high coefficient 
of determination (R2 = 0.8937) is achieved. Adequate preci-
sion measured as a signal-to-noise ratio for the developed 
model (15.34) was greater than 4. This amount indicated that 
the model could be applied to navigate the design space as 
well. The results showed that this model is convenient for 
demonstrating the real relationship among the parameters. 
The importance of each term in the model was studied by 
testing the null hypothesis. The catalyst dosage and paraquat 
concentration had significant effects on the photocatalytic 
degradation, while pH and the contact times were not impor-
tant factors. Also, in this model AB, A2, C2 and D2 were the 
remarkable model terms.

COD reduction

Moreover, the effect of parameters on the COD reduc-
tion is considered using Box–Behnken design (BBD). The 
obtained COD reduction percentages using design matrix 
of the parameters are shown in Table 2. The results showed 
that a quadratic polynomial is the most significant model 
for COD reduction with a very small p value (< 0.0001), 
F value (25.12) and a high coefficient of determination 
(R2 = 0.9225). Adequate precision measured as a signal-
to-noise ratio of the developed model (19.45) (> 4) that 
indicated the model could be applied to navigate the design 
space. The model also showed no lack of fit at 95% level of 
significance. The ANOVA analysis for this model is shown 
in Table 2. The equation of the model based on the coded 
factors is given by the following equation:

where A is the catalyst dosage (g L−1), B paraquat con-
centration (mg L−1), C pH and D the contact time (min) 
like parameters in photocatalytic degradation in Eq. 3. In 
this model, paraquat concentration and contact time were 

(4)

Photocatalytic degradation (% ) = 58.15 − 4.01A

− 17.28B + 0.99C + 0.44D + 6.60AB − 9.58A2

− 13.55C2 − 8.57D2

(5)

COD reduction (%) = 77.71 − 1.64A − 12.81B + 1.37C

− 2.42D + 4.14AB + 3.61BD − 7.77B
2

− 11.12C
2 − 5.05D

2
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Fig. 3  a Nitrogen adsorption–desorption isotherms (ADS-DES) at 
77 K for the α-Fe2O3@MIL-101(Cr)@TiO2. b Pore size distribution 
isotherm at 77 K for the α-Fe2O3@MIL-101(Cr)@TiO2
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determined as effective parameters on the COD reduction, 
while pH and catalyst dosage were not significant factors. 
In this case, B2, C2, D2 and AB were also remarkable model 
terms.

Effect of parameters

The effect of catalyst dosage, paraquat concentration 
and their interactions on the photocatalytic degradation 
is shown in Fig. 5a under UV irradiation using the 3D 

response surface plot at pH 7 and contact time of 45 min 
(center point of the experimental design). The changing 
of catalyst dosage is an effective factor the photocata-
lytic degradation of paraquat (Nur-Afiqah et al. 2016). 
The percentage of photocatalytic degradation increased 
by enhancing catalyst amount up to 0.2 g L−1, and then 
it decreased from 87.46 to 32.96% (Table 2: Exp. No 
1,4). The major role for the improved photocatalytic 
elimination of paraquat is due to increase in the total 
active surface area of the catalyst. However, increasing 

Fig. 4  a FESEM image for 
the α-Fe2O3@MIL-101(Cr)@
TiO2, b EDS spectrum of the 
α-Fe2O3@MIL-101(Cr)@TiO2
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the concentration of the catalyst above 0.4 g L−1 leads 
to decrease in degradation efficiency. The aggregation 
occurs at high concentrations of the optimum amount 
of the α-Fe2O3@MIL-101(Cr)@TiO2 photocatalyst. As 
a result, the number of available paraquat molecules 
is not adequate to fill the active sites of the photocata-
lyst. Increased scattering and turbidity properties were 
observed in the high concentration of catalyst. So, the 
light does not penetrate all available surface of the cata-
lyst. The aforementioned mechanism is the aggregation 
of α-Fe2O3@MIL-101(Cr)@TiO2 at high concentration. 

This result was shown in previous studies on the degra-
dation of herbicides (Mir et al. 2014; Mirmasoomi et al. 
2016). So, maximum photocatalytic degradation was 
achieved 87.46% at pH 7 and contact time of 45 min with 
catalyst dosage 0.2 g L−1. Removal of paraquat using the 
α-Fe2O3@MIL-101(Cr)@TiO2 was studied by chang-
ing the initial concentration of paraquat (20–40 mg L−1) 
with contact time (45 min) at pH 7. The percentage of 
photodegradation decreased from 87.46 to 29.45% with 
increasing the initial concentration of paraquat from 20 
to 40 mg L−1 (Fig. 5b). Increasing the concentration of 

Fig. 5  Response surface plots showing the interaction between two parameters, a catalyst dosage and paraquat concentration, b contact time, 
time and paraquat concentration, c catalyst dosage and paraquat concentration



5751International Journal of Environmental Science and Technology (2019) 16:5741–5756 

1 3

herbicide has inhibitive effect on the photocatalytic deg-
radation. Adsorption sites on the photocatalyst are not 
enough for the adsorption of the all organic contaminants 
on the catalyst’s surface (Nakaoka et al. 2010; Abramovic 
et al. 2013).

Figure 5b shows the effect of changing UV irradiation 
time and paraquat concentration on the COD reduction 
at pH 7 and catalyst dosage 0.3 g L−1. The percentage of 
COD reduction decreased of (88.88 to 57.56%) with rais-
ing paraquat concentration of 20–40 mg L−1 at 30 min. 
The maximum COD reduction was detected 88.88% at 
pH 7 and 30 min with paraquat concentration 20 mg L−1. 
Also, the percentage of COD reduction decreased from 
88.88 to 53.32% with raising contact time from 45 to 
60 min. The effect of varying catalyst dosage and para-
quat concentration at pH 7 and contact time 45 min is 
shown in Fig. 5c. A significant decrease in COD removal 
is observed from 90.09 to 55.8% with increasing of para-
quat concentration from 20 to 40 mg L−1. Moreover, by 
raising catalyst dosage, COD reduction decreased from 
90.09 to 72.69%. Decrease in removal efficiency is 
related to destabilization of the aggregated catalyst after 
the optimum contact time (Mir et al. 2014).

The comparison of photocatalytic degradation of paraquat 
in any process

The effect of catalyst and UV light was evaluated in the pho-
tocatalytic degradation of paraquat, as shown in Table 3. The 
different processes in removal efficiency of paraquat using 
UV-alone, UV/α-Fe2O3, UV/α-Fe2O3@MIL-101(Cr), UV/α-
Fe2O3@MIL-101(Cr)@TiO2 and α-Fe2O3@MIL-101(Cr)@
TiO2 in the absence of UV irradiation were compared in 
the same reaction conditions. These results are compared 
with the same studies on photodegradation of paraquat. 
The reactions were performed by 20 mg L−1 of paraquat, 
0.2 g L−1 of catalyst and pH 7 at room temperature. The 
yield of photodegradation of paraquat in the absence of the 

α-Fe2O3@MIL-101(Cr)@TiO2 catalyst was about 11.79%. 
The removal of paraquat was about 5% using a catalyst with-
out UV radiation. The yield of the product under UV radia-
tion was found to be 18.04 and 43.49% using the α-Fe2O3 
and α-Fe2O3@MIL-101(Cr) catalyst after 45 min, respec-
tively. It is observed that in the presence of both α-Fe2O3@
MIL-101(Cr)@TiO2 catalyst and UV light, 87.46% of the 
paraquat could be removed in 45 min. So, both of them are 
required for the effective degradation of paraquat. The pho-
tocatalytic degradation of organic material in solution is 
induced by the photoexcitation of the semiconductors such 
as  TiO2.

Optimum conditions

RSM can evaluate the optimum combination of factors 
using the optimization function to find the highest percent-
age of photocatalytic degradation and COD reduction. The 
maximum photocatalytic degradation and COD reduction 
were predicted 75.65 and 89.88%, respectively, under pH 
7.10, catalyst dosage 0.2 g L−1, paraquat concentration 
of 20 mg L−1 and 15 min. The actual experimental val-
ues achieved 87.56% for photocatalytic degradation with 
4.3% deviation and 90.09% for COD reduction with 2.8% 
deviation.

Kinetics of paraquat adsorption on the surface of α‑Fe2O3@
MIL‑101(Cr)@TiO2

The kinetics of paraquat adsorption on the surface of 
α-Fe2O3@MIL-101(Cr)@TiO2 in photocatalytic degrada-
tion and COD reduction were obtained by the experimental 
kinetic data. The kinetic models containing pseudo-first-
order, pseudo-second-order, parabolic diffusion model 
and modified Freundlich model were used. Degradation of 
kinetic experiments was investigated at adsorbent dosage of 
0.2 g L−1, pH 7 and paraquat concentration of 20 mg L−1. 

Table 3  Comparison of photocatalytic degradation paraquat

Reaction condition: room temperature

Entry Systems Catalyst dos-
age (g  L−1)

Paraquat concen-
tration (mg  L−1)

pH Time (min) Removal effi-
ciency (%)

References

1 UV/TiO2 0.2 40 6.6 180 100 Moctezuma et al. (1999)
2 Cu-UV/TiO2/SBA-15 0.5 10 3 420 71 Sorolla et al. (2012)
3 UV/N, S-TiO2 thin films 30.8 10 5.8 300 84.39 Zahedi et al. (2015)
4 UV/ZrTiO4/ZrTi2O6/TiO2 0.3 15 7 240 84.41 Nur-Afiqah et al. (2016)
5 UV/TiO2 1.5 20 6 180 66 Nagaraju et al. (2017)
6 UV/α-Fe2O3 0.2 20 7 45 18.04 This work
7 UV/α-Fe2O3@MIL-101(Cr) 0.2 20 7 45 43.49 This work
8 UV/α-Fe2O3@MIL-101(Cr)@TiO2 0.2 20 7 45 87.46 This work
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The pseudo-first-order kinetic model is shown as follows 
(Langmuir 1918):

In Eq. 6, k1 is the equilibrium rate constant  (min−1), qe 
and qt are the amount of paraquat adsorbed at equilibrium 
(mg g−1) and amount of paraquat adsorbed at any time t 
(mg g−1) (Bulut et al. 2008).

The pseudo-second-order kinetic model is shown as fol-
lows (Ho and McKay 1998):

In this Eq. 7, k2 is the rate equilibrium rate constant 
(g mg−1 min−1) (Ho and McKay 1998).

The parabolic diffusion model is used to explain diffu-
sion-controlled phenomena in catalyst which can be stated 
as follows (Kodama et al. 2001):

where k is the rate coefficient, C0 and Ct are the concentra-
tion of paraquat (mg L−1) at time 0 and time t, respectively, 
and a is a constant in Eq. 8.

The modified Freundlich model was applied to determine 
ion exchange or adsorption in soils and clays that is shown as 
follows (Kuo and Lotse 1974; Kodama et al. 2001):

In Eq. 9, k is rate coefficient, C0 and Ct are the concentra-
tion of paraquat (mg L−1) at time 0 and time t, respectively, 
and b is a constant. The photocatalytic degradation and 
COD reduction of paraquat are evaluated by the pseudo-
first-order, pseudo-second-order, parabolic diffusion and 

(6)Ln(qe − qt) = Ln(qe) − k1t

(7)
t

qt
=

1

k2q2
e

+

(
1

qe

)
t

(8)

⎛⎜⎜⎜⎝

�
1 −

�
ct

c0

��

t

⎞
⎟⎟⎟⎠
= kt

−
1

2 + �

(9)
Co − Ct

Co

= ktb

modified Freundlich kinetic parameters that are summarized 
in Table 4.

The kinetic data for photocatalytic degradation and COD 
reduction in paraquat fitted with the pseudo-second-order 
and parabolic diffusion models (Fig. 6). These models have 
a good result in fast degradation of paraquat at the short time 
according to the literature (Kumar et al. 2012). The pseudo-
second-order model was adjusted to the data with an R2 of 
0.9986 for photocatalytic degradation and R2 of 0.9931 for 
COD reduction, respectively. The rapid degradation of para-
quat within a short time is due to a strong cation-exchange 
interaction between paraquat ion and the charged surface in 
the synthesized catalyst (Tsai and Chen 2013). The parabolic 
diffusion model was fitted to the data with an R2 of 0.9904 
for photocatalytic degradation and R2 of 0.9891 for COD 
reduction, respectively. These results show that the electron 
transfer at the rate-limiting step can be controlled by diffu-
sion of the paraquat molecules from solution to the active 
sites of the α-Fe2O3@MIL-101(Cr)@TiO2 surface.

Conclusion

In this research, a novel magnetic α-Fe2O3@MIL-101(Cr)@
TiO2 photocatalyst was successfully synthesized. The struc-
tural and morphological properties of photocatalyst were 
studied by FTIR, XRD, SEM, EDX and BET analyses. 
Response surface methodology based on Box–Behnken 
design was effectively used to optimize the removal param-
eters. Also, the adsorption kinetics results were explained 
by the pseudo-second-order and parabolic diffusion models. 
The maximum photocatalytic degradation and COD reduc-
tion were achieved 87.46% and 90.09% at optimal condi-
tions with paraquat concentration 20 mg L−1, catalyst dosage 
0.2 g L−1, pH 7 and contact time 45 min. These results well 
matched with the predicted values in optimum conditions. 
So the synthesized photocatalyst is introduced as an excel-
lent catalyst for the degradation paraquat.

Table 4  Kinetic parameters for photocatalytic degradation and COD reduction of paraquat using the initial concentrations = 20 mg L−1, catalyst 
dosage = 0.2 g L−1 and pH 7

Entry Degradation of paraquat Pseudo-first order Pseudo-second order Parabolic diffusion Modified Freun-
dlich

k1 R2 K2 R2 k R2 k R2

1 Photocatalytic degradation 0.0126 0.8142 0.0053 0.9986 0.3379 0.9904 0.0389 0.9562
2 COD reduction 0.0574 0.9467 0.0082 × 10−3 0.9931 0.2244 0.9891 0.2338 0.9401
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Fig. 6  Kinetic models of the photocatalytic degradation and COD reduction of paraquat (a), e pseudo-first-order, b, f pseudo-second-order, c, g 
modified Freundlich and d, h parabolic diffusion models
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