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Abstract: A novel series of rectorite-based magnetic zinc oxide (ZnO) photocatalysts
(REC/Fe3O4/ZnO) was synthesized and characterized in the present work. The fabricated
REC/Fe3O4/ZnO composite possessed a high specific surface area and high capacity of adsorption
and photocatalysis toward methylene blue (MB) dye. The adsorption isotherm of the dye on the
composite fitted well to the Langmuir model, with a maximum adsorption of 35.1 mg/g. The high
adsorption capacity increased the interactions between the dye and the REC/Fe3O4/ZnO, which
enabled efficient decomposition of the dye under simulated solar radiation using REC/Fe3O4/ZnO
as the photocatalyst. The degradation kinetics of MB dye followed the Langmuir–Hinshelwood
model. More importantly, the degradation of MB dye and the mass loss of REC/Fe3O4/ZnO after
three repetitive experiments were quite small. This suggests that the magnetic composite has great
potential as an effective, stable, and easily recovered catalyst. Four major intermediates were detected
during the degradation of MB dye and the degradation pathway was proposed.
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1. Introduction

Synthetic dyes are used in a wide range of industries, including textiles, cosmetics, printing,
pharmaceuticals, and food. Of these dyes, approximately 1–2% and 1–10%, are discharged into the
environment by manufacturing processes and end-users, respectively [1–5], which poses a serious
threat to human health and the environment. Several physical, chemical and biological techniques
have been used to treat dyestuff waste, but the high cost, formation of hazardous coproducts, and
intensive energy requirements have limited their extensive application [6]. Additionally, traditional
wastewater treatment processes are inefficient in handling dye pollutants because of their biological
resistance and chemical stability [7–9]. The removal of dyestuff waste from aqueous solutions is
technically very challenging.

Photocatalysis could be an effective wastewater treatment technology for dye pollutants because
of its potential high activity, low energy consumption, mild treatment conditions, and ease of
handling [10–16]. The irradiation of wide bandgap semiconductors by ultraviolet light produces
various reactive oxygen species (ROS) including hydroxyl radicals (•OH) and singlet oxygen (1O2),
which can efficiently oxidize or mineralize organic compounds. Moreover, direct reaction between
valence-band holes and organic pollutants could induce oxidation or decomposition of these target
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pollutants. The contributions of ROS and holes toward the degradation of pollutants depend on the
electronic properties of the target substance and the photocatalyst [17,18]. Photocatalysis can degrade
organic dyes into water, carbon dioxide, and other non-toxic inorganic compounds without causing
secondary pollution.

Complementary metal-oxide semiconductors have received significant attention because of
their efficient application in photocatalysis such as titanium dioxide (TiO2), cuprous oxide (Cu2O),
and so on [19,20]. Zinc oxide (ZnO) is a well-known photocatalyst with a bandgap of 3.37 eV
that permits the absorption of ultraviolet (UV)-visible light. It also has the advantages of high
photoactivity, non-toxicity, and low manufactured cost [21–26]. Photocatalysis using ZnO has been
used to remove many pollutants from aqueous solutions because ZnO is effective in producing
•OH [27–29]. However, the application of such photocatalysis to wastewater treatment is limited
because of the difficulty in separating and recovering ZnO powder from the treated solutions.
Using magnetic heterogeneous catalysts could facilitate efficient, rapid, and economical separation of
the photocatalyst [30]. Water treatment agents modified with magnetic nanoparticles are particularly
interesting; examples of these materials include magnetic iron oxide/clay composite materials such as
magnetite (Fe3O4) [31–38] and maghemite (γ-Fe2O3) [35,39].

One strategy to improve ZnO performance has focused on the development of ZnO composites
that enhance the photocatalytic efficiency via improved adsorption [40–45]. Rectorite (REC), a silicate
clay mineral, is composed of alternating pairs of nonexpandable dioctahedral mica-like and expandable
dioctahedral smectite-like layers [46]. REC efficiently adsorbs organic compounds both on its external
surfaces and within its interlaminar spaces because of its high specific surface area and ion exchange
properties [47]. This mineral is also of considerable interest as a catalyst support because of its low cost,
small size, and unusual intercalated structure. Consequently, considerable research has been devoted
to exploring the use of REC-based materials to adsorb or catalytically decompose environmental
pollutants [48–51].

In this study, REC/Fe3O4 was prepared by mixing REC with Fe3O4. This was further mixed with
ZnO to obtain a REC/Fe3O4/ZnO composite via an improved hydrothermal process. The composite
was characterized by transmission electron microscopy (TEM), scanning electron microscopy
(SEM), X-ray powder diffraction (XRD) and Fourier transform-infrared (FT-IR). The absorption and
photocatalytic properties of REC/Fe3O4/ZnO were evaluated by the decomposition of methylene
blue (MB) dye under simulated sunlight irradiation. Such a composite material has potential as a new
low-cost and recyclable agent for the efficient eliminate treatment of dyestuff wastewater.

2. Results and Discussion

2.1. Morphology and BET Surface Area of the REC/Fe3O4/ZnO Composites

The morphologies of the various REC/Fe3O4/ZnO composites were investigated by SEM and
TEM (Figure 1). REC is an interstratified clay mineral (Figure 1a,d). Breakage of the structure (Figure 1b)
formed particles having diameters of ca. 6–35 nm (Figure 1e), in which Fe3O4 was integrated with the
mineral. The structure became further disrupted with the deposition of ZnO (Figure 1c) when many
more particles were found with the REC (Figure 1f).

BET surface area of REC applied in this study was 11.7 m2 g−1 (Table 1), which is 25% smaller
than that of REC/Fe3O4. The increase of BET after magnetization was mainly because of the breakage
of REC as shown in Figure 1e. BET surface area was approximately 16.8 and 16.0 for REC/ZnO and
REC/Fe3O4/ZnO composites, respectively.
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Table 1. Specific surface area of ZnO, REC, REC/Fe3O4 (1:0.3), REC/ZnO (1:0.5), REC/Fe3O4/ZnO
(1:0.3:0.5) powder.

BET Surface Area (m2·g−1)
ZnO REC REC/Fe3O4 REC/ZnO ZnO/REC/Fe3O4

5.3 11.7 15.6 16.8 16.0
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Figure 1. Scanning electron microscopy (SEM) images of (a) rectorite (REC), (b) REC/magnetite (Fe3O4)
(1:0.3), and (c) REC/Fe3O4/zinc oxide (ZnO) (1:0.3:0.5) and transmission electron microscopy (TEM)
images of (d) REC, (e) REC/Fe3O4 (1:0.3), and (f) REC/Fe3O4/ZnO (1:0.3:0.5).

2.2. Structural Characterization of the REC/Fe3O4/ZnO Composites

Figure 2 shows the XRD patterns of ZnO, REC and their composite materials for 2θ ranging from
10 to 70◦. The diffraction peak at 2θ = 19.8◦ was a characterized peak of REC [52], which was also
observed in REC/ZnO, REC/Fe3O4 and REC/Fe3O4/ZnO. The relative intensities of diffraction peak
at 2θ = 19.8◦ was changed in composites, compared with that in pure REC. The finding indicates that
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the structure of rectorite distorted to some extents during the synthesis of composites. Similar results
were also reported during the synthesis of other REC-based photocatalyst [52]. Peaks observed at
31.7◦, 34.4◦, 36.2◦, 47.5◦, 56.5◦, 62.8◦, 66.3◦, 67.9◦, and 69.0◦ were indexed to hexagonal wurtzite (ZnO;
JCPDS Data Card no. 36-1451). Diffraction peaks at 33.1◦, 35.7◦, 40.8◦, 54.1◦, and 64.0◦, characteristic
of Fe3O4 were observed for the REC/Fe3O4 and REC/Fe3O4/ZnO composites [48]. The diameters of
ZnO and Fe3O4 were approximately 45.7 and 22.4 nm in REC/Fe3O4/ZnO, putting diffraction peaks at
2θ = 36.3◦ and 19.8◦ and the corresponding FWHM (full width at half maxima) into Scherrer equation.
The relative size between ZnO and Fe3O4 was correlated with that shown in Figure 1e,f.

Figure 3 compares the Fourier transform-infrared (FT-IR) spectra of REC and its composites.
The spectra of REC, ZnO/REC, and REC/Fe3O4/ZnO were quite similar, with only small differences
in band locations and intensities. The bands at 3645–3647 and 3429–3440 cm−1 were attributed to
the hydrogen-bonding bending vibration of water and hydroxyl stretching vibration in all three
samples [53]. Bands observed at 1635 and 1386 cm−1 in ZnO were attributed to the asymmetrical and
symmetrical stretching of the zinc carboxylate [54], respectively. The band at 1635 cm−1 overlapped
with the band at 1640 cm−1, which was assigned to a water bending vibration in REC [55,56]. Bands at
1021 and 1053 cm−1 were assigned as In-plane Si–O–Si stretching [56], which was found to be 1012
and 1047 cm−1 in REC/ZnO and REC/Fe3O4/ZnO in this study. Bands at 478 and 545 cm−1 were
assigned as Si–O bending and Si–O–Al bending [56], which was 486 and 548 cm−1 in REC/ZnO, and
490 and 552 cm−1 in REC/Fe3O4/ZnO, respectively. Notably, band at approximately 530–580 cm−1

was also reported to Fe–O bond [57] in Fe3O4, which could be emerged in Si–O–Al bending band.
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2.3. Thermogravimetric Analysis (TGA) Analysis REC and REC/Fe3O4/ZnO

TGA analysis was investigated to investigate the stability of ternary composite. As shown in
Figure 4, REC barely lose its weight up to 800 ◦C mainly because of the loss of binding water. As for
REC/Fe3O4/ZnO, the loss of weight could be divided into two regions. Loss of water could result in
the loss weight below 200 ◦C. Decomposition of ZnCO3·2Zn(OH)2 impurity could lead to the loss of
weight at approximately 600 ◦C.
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2.4. Adsorption Equilibrium and Isotherm of MB Dye on REC/Fe3O4/ZnO

Figure 5a illustrates the results of equilibrium adsorption studies. The adsorption of MB dye increased
with increasing time to 50 min, reaching equilibrium within 60 min for REC/Fe3O4/ZnO. The adsorption
kinetics were fitted using different equations including pseudo-first-order, pseudo-second-order and
Elovich models; the adjusted R-squared (adj. r2) values were 0.98, 0.98, and 0.93, respectively. The calculated
equilibrium adsorption was 1.5 and 2.2 mg/g from the pseudo-first-order and pseudo second-order models,
respectively. The experimental equilibrium adsorption of 1.2 mg/g of MB dye on REC/Fe3O4/ZnO was
thus consistent with pseudo-first-order kinetics.

The Freundlich and Langmuir isotherms are commonly used to describe the adsorption properties
of pollutants. Figure 5b shows that the adsorption data fitted the Langmuir (adj. r2 = 0.999) better
than the Freundlich isotherm model (adj. r2 = 0.974). The Langmuir isotherm is typically used to
model monolayer adsorption on adsorbents having homogeneous and energetically uniform surfaces.
Thus, our MB dye adsorption data are consistent with adsorption on the outer layer of the composites.
The estimated recovered maximum adsorption capacity of MB dye on REC/Fe3O4/ZnO was 35.1 mg/g,
which was 13% and 72% larger than that of REC/ZnO (31.1 mg/g) and ZnO (20.4 mg/g). These data
clearly showed REC component contributed significantly to the adsorption of MB to REC/Fe3O4/ZnO.
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2.5. Effect of Component Mass Ratio on the Degradation of MB Dye

The fabricated composites contained REC, Fe3O4, and ZnO. The impact of the component mass
ratio on the removal of MB dye was investigated to obtain the optimal composition. Figure 6a shows
that the dark adsorption of MB dye on REC/Fe3O4/ZnO was only slightly influenced by the ZnO
content. After a 60-min adsorption period, the MB dye concentration in the bulk phase decreased
to 4.2, 4.0, and 4.0 mg/L for ZnO contents of 1.5, 1.0, and 0.5, respectively. Control experiment
showed that degradation of MB was negligible by direct photolysis in the absence of catalysts
because of the low irradiance (1.9 mW/cm2). However, photodegradation of the MB dye was greatly
influenced by the ZnO content, with the degradation clearly decreasing with increasing ZnO content.
The observed degradation kinetic constant (kobs) for the degradation of MB dye was 0.0056, 0.0086,
and 0.012 min−1 for ZnO contents of 1.5, 1.0, and 0.5, respectively. A plausible explanation for the
decreased photoactivity with increasing ZnO content is that larger ZnO particles were formed, which
may render the REC/Fe3O4/ZnO less photoactive.Catalysts 2018, 8, x FOR PEER REVIEW    8 of 18 
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Figure 6b shows that the dark adsorption of MB dye was highly influenced by the Fe3O4 content
of REC/Fe3O4/ZnO. The adsorption ratio first increased from 20 to 45% as the Fe3O4 content increased
from 0.1 to 0.3; it then decreased to 33% as the Fe3O4 content increased to 0.5. However, kobs for
the MB photodegradation only slightly increased, from 0.012 to 0.015 min−1, as the Fe3O4 content
increased from 0.1 to 0.3, which indicated that the photodegradation was not significantly affected by
the Fe3O4 content. Figure 1 shows that the layered structure of REC was damaged by the introduction
of Fe3O4, which was detrimental to MB dye adsorption. However, Fe3O4 was not an effective catalyst
even under simulated solar radiation, particularly at neutral pH values. Therefore, the photoactivity
of REC/Fe3O4/ZnO (as indicated by the degradation of adsorbed MB dye) was likely not greatly
influenced by the Fe3O4 content. These results established that REC and ZnO acted mainly as adsorbent
and photocatalyst, respectively, for the removal of MB dye by REC/Fe3O4/ZnO.

2.6. Effect of REC/Fe3O4/ZnO Dosage on the Degradation of MB Dye

Figure 7 shows that the dark adsorption of MB dye on REC/Fe3O4/ZnO slightly increased as
the composite dosage increased from 0.3 to 1.1 g/L; this was attributed to increasing availability of
adsorption sites. The photodegradation of MB dye also greatly increased with increasing dosage up to
0.9 g/L. The kobs for the photodegradation of the MB dye increased from 0.0084 to 0.019 min−1 as the
REC/Fe3O4/ZnO dosage increased from 0.3 to 0.9 g/L. These results are consistent with many studies
where the reaction accelerates with increasing catalyst dosage when the amount of reactive species,
such as •OH, is determined by the concentration of the catalyst in the bulk solution. However, a dosage
of 1.1 g/L had an inhibitory effect on the degradation of the dye. This was attributed to agglomeration
of REC/Fe3O4/ZnO particles at the high concentration, which reduced light transmission. The optimal
amount of added REC/Fe3O4/ZnO is the least amount required for complete photon absorption for the
photodegradation reaction; in our experiments, we fixed the REC/Fe3O4/ZnO concentration at 0.9 g/L.Catalysts 2018, 8, x FOR PEER REVIEW    9 of 18 
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2.7. Effect of Solution pH on the Degradation of MB Dye

The impact of solution pH on the adsorption and photodegradation of MB dye on
REC/Fe3O4/ZnO is shown in Figure 8. It clearly shows that acidic solution favored the adsorption
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of the dye and that the adsorption ratio at pH 5.0 was about twice that at other pH values.
Conversely, degradation of the dye in acidic solution was much slower below pH 6.0. The rate
constant kobs increased from 0.011 to 0.019 min−1 as the solution pH increased from 5.0 to 6.0, and then
decreased to 0.0076 min−1 at pH 8.0. These findings demonstrated that the solution pH had variable
effect on the adsorption and degradation process of MB dye on REC/Fe3O4/ZnO. This variable effect
of pH is related to its multiple roles in electrostatic interactions with the catalyst surface and substrate,
and to the formation of charged radicals during the reaction process. This makes the interpretation of
pH effects on the photodegradation of organic pollutants very difficult. The REC/Fe3O4/ZnO surface
was negatively charged and the MB dye was present in its cationic form at pH 5.0. Therefore, the
electrostatic attraction generated between cationic dye molecules and the negative surface charge
contributed to the high adsorption ratio measured in acidic solutions. Typically, ZnO exhibits higher
photoactivity at neutral pH. The degradation of MB dye on REC/Fe3O4/ZnO was faster at pH 6.0
because ZnO was the most important photocatalyst present in the composite at that pH.
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2.8. Kinetics for the Degradation of MB Dye on REC/Fe3O4/ZnO

The effect of initial MB dye concentration on its degradation was investigated for initial
concentrations ranging from 5.0 to 30.0 mg/L (Figure 9a). After reaching adsorption equilibrium,
the dye gradually decomposed with increasing irradiation time. The initial rate of photodegradation
increased and reached a plateau with increasing initial dye concentration (Figure 9b). The data were
fitted to the Langmuir–Hinshelwood kinetic model, which is frequently used to model the initial
photocatalytic degradation rates of organic compounds. The rate law is given by Equation (1):

r0 = −dc
dt

= kreKsc0/(1 + Ksc0), (1)

where r0 is the initial rate of disappearance of MB dye, c0 is the initial concentration of the dye, kre is
the reaction rate constant, and Ks is the Langmuir adsorption constant. The calculated values for kre

and Ks were 0.122 mg/(L·min) and 0.069 L/mg, respectively.
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2.9. Recovery and Stability of REC/Fe3O4/ZnO

The performance of a single catalyst sample for the removal of MB dye over several cycles was
determined to assess the photostability and possible reuse of REC/Fe3O4/ZnO. After 1-h adsorption
and 5-h irradiation sequences, the composite was recovered from the reaction solution using an
external magnet and redispersed in fresh 5-mg/L MB dye solution. Figure 10 shows that a noticeable
decrease in the removal ratio of the dye occurred during repeated use of the REC/Fe3O4/ZnO catalyst.
Only 80% remained after three cycles, corresponding to a mass loss of 14%. The results demonstrated
satisfactory photostability of the REC/Fe3O4/ZnO catalyst.
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2.10. Mechanism for the Degradation of MB Dye on REC/Fe3O4/ZnO

The degradation intermediates were identified by liquid chromatography-mass spectrometry
(LC-MS). The signal at m/z = 284 present before degradation was assigned to the MB dye molecule
(Scheme 1). Oxidation of MB dye could follow different paths. Addition of •OH to MB dye molecules
would lead to the formation of an intermediate with m/z = 300 [58]. Oxidation of sulfur atoms and
bond cleavage at nitrogen-bridged sites would lead to the formation of a sulfoxide intermediate having
m/z = 303 [59]. However, neither m/z = 300 nor 303 was detected in the present study. Instead,
signals were found at m/z = 317, 274, 138, and 345. An intermediate with m/z = 317 could be formed
through the addition of two •OH radicals per MB dye molecule, or through oxidation of methyl
(–CH3) groups of the sulfoxide intermediate, and the oxidation of more methyl groups would lead
to the formation of a species having m/z = 345. Addition of •OH to an intermediate of m/z = 317
and cleavage at a sulfur-bridged site might lead to the formation of an intermediate with m/z = 138.
Additionally, loss of a methyl group could produce an intermediate with m/z = 274. Contribution of
•OH to the degradation of MB was proved by a much smaller degradation kinetic constant in the
presence of isopropanol acting as •OH scavenger. Oxidation of these intermediates could form ring
cleavage products, and even mineralization to CO2 and H2O is plausible. The chemical structures of
any intermediates were not identified because of the complexity of the degradation process.
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3. Materials and Methods

3.1. Chemicals

Ferric chloride, ferric sulfate, MB, zinc acetate dihydrate (Zn(CH3COO)2·2H2O) (purity: 99.9%),
hydrazine hydrate, dimethyl benzene, ethylene glycol, ethyl alcohol, and sodium hydroxide were
purchased from Alpha-Aesar (Shanghai, China) and used as-received. They were of analytical grade.
Refined REC was provided by Hubei Mingliu Inc. Co. (Wuhan, China). The water used in the
experiments had been pretreated with an ultrapure water system (Liyuan Electric Instrument Co.,
Beijing, China).

3.2. Synthesis of REC/Fe3O4/ZnO

3.2.1. Synthesis of Magnetic REC

Fe3O4 was prepared by a co-precipitation method as follows. A solution of FeCl3 (1.625 g) and
FeSO4 (1.219 g) was prepared at a molar ratio of 4:3, and 1 mol/L of NaOH solution (250 mL) was
quickly added to the mixture while mixing at high speed with a magnetic mixer to adjust the pH to 11.
Mixing was continued at 60 ◦C for 1.5 h, and then the solution was placed in a thermostated water
bath at 80 ◦C for 1.5 h to crystallize the product. The Fe3O4 product was isolated by filtration, rinsed
with pure water until the pH of the filtrate was neutral, dried at 105 ◦C for 6 h, and finally ground to a
particle size of 74 µm.
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Magnetic REC was prepared as follows. A mixture of REC in water was sonicated to provide
a uniform suspension. A ferrofluid containing 50 wt. % of the Fe3O4 described above was slowly
dropped into REC suspensions to provide REC/Fe3O4 mixtures having weight ratios of 1:0.1, 1:0.2,
1:0.3, 1:0.4, and 1:0.5. Each mixture was ultrasonically dispersed for 60 min. The product was recovered
by filtration, dried at 105 ◦C for 6 h, and ground to a particle size of 74 µm.

3.2.2. Synthesis of REC/Fe3O4/ZnO

The REC/Fe3O4/ZnO nanocomposites were prepared via a mild liquid-phase synthesis method.
The reaction of zinc acetate dihydrate (Zn(CH3COO)2·2H2O; 2.1951 g (10 mmol)) with hydrazine
hydrate (N2H4·H2O; 80%; 0.726 mL (15 mmol)) provided a theoretical yield of 0.8137 g of ZnO. Based on
this calculation, appropriate amounts of the magnetic REC were added to form REC/Fe3O4/ZnO
suspensions having weight ratios of 1:0.1:0.5, 1:0.2:0.5, 1:0.3:0.5, 1:0.4:0.5, 1:0.5:0.5, 1:0.1:0.5, 1:0.1:1.0 and
1:0.1:1.5. In the experiments, 2.1951 g (10 mmol) of Zn(CH3COO)2·2H2O and the appropriate calculated
weights of magnetic REC were dissolved in 200 mL of a mixed solvent of dimethyl benzene and
ethylene glycol under vigorous stirring for 30 min. Then, a solution of hydrazine hydrate (0.726 mL,
15 mmol) in anhydrous ethanol (30 mL) was added dropwise to the suspension. The resulting
dispersion was vigorously stirred for 5 h at room temperature, and then transferred to a separating
funnel and allowed to stand for 1.5 h. Centrifugation provided the REC/Fe3O4/ZnO nanocomposites
as gray solids. These were isolated by filtration, rinsed three times with anhydrous ethanol, and
calcined for 6 h in a muffle furnace at temperatures of 200, 300, 400, 500, and 600 ◦C.

3.3. Characterization of the Synthesized Magnetic Materials

The Brunauer–Emmett–Teller (BET) surface area was determined using a Micromeritics model
ASAP 2020 Instrument (Micromeritics, Norcross, GA, USA). The XRD patterns of the products were
determined using a Dmax-rA powder diffractometer (Rigaku, Akishima, Japan), which used Cu
Kα radiation source at a scanning rate of 2◦ min−1. SEM images were acquired using a QUANTA
200 instrument (FEI, Hillsboro, OR, USA). Transmission electron microscopy (TEM) images were
obtained with a JEM 2010HT instrument (JEOL, Akishima, Japan) at an accelerating voltage of 200 kV.
Thermogravimetric analysis (TGA) was conducted on a TGA 2050 thermogravimetric analyzer with a
heating rate of 10 ◦C/min from 50 to 800 ◦C under a nitrogen atmosphere (TA Instruments, NewCastle,
DE, USA). The Brunauer–Emmett–Teller (BET) surface areas of the two TiO2 were determined using a
Micromeritics ASAP 2020 setup (Micromeritics, Norcross, GA, USA).

3.4. Adsorption of MB Dye on REC/Fe3O4/ZnO

Adsorption kinetics: A dispersion of REC/Fe3O4/ZnO (0.9 g/L) was prepared by adding
REC/Fe3O4/ZnO to 100 mL of an aqueous MB solution (concentration: 5 mg/L) and the dispersion
was shaken at 25 ◦C. Samples (2 mL) were withdrawn from the flask at different time intervals.
The adsorbent and MB dye solution were quickly separated by a magnet, and the concentration of dye
in the supernatant was analyzed by UV-visible spectroscopy.

Adsorption isotherms: Batch adsorption studies were performed using aqueous suspensions
containing MB dye at different initial concentrations; the dosage of REC/Fe3O4/ZnO, REC/Fe3O4 or
ZnO as adsorbent was held at 0.9 g/L. The suspension was continuously stirred at constant temperature
using a mechanical stirrer for 2 h. After reaching equilibrium, a 2-mL aliquot of the suspension was
withdrawn to determine the equilibrium concentration, ct. Adsorption isotherm experiments were
carried out at pH 6.0 in the absence of electrolytes.

3.5. Photocatalytic Degradation of MB Dye under Simulated Solar Radiation

Photodegradation of MB dye was carried out in a home-made photoreactor. The radiation
source was an incandescent light bulb lamp that provided radiation at ≥350 nm with an irradiance of
1900 µW/cm2 (Figure 11). Aqueous solutions of MB dye (200 mL; initial concentration: 5 to 20 mg/L)
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were mixed magnetically with the various catalysts in a 250 mL Pyrex beaker. After equilibrating in
the dark for 1 h, aliquots (2 mL) of those suspensions were withdrawn to determine the initial MB
concentration, c0. Aliquots (2 mL) were also collected at selected time intervals as the MB degraded;
these were magnetically separated and used to determine ct. The degradation of the MB dye was
monitored using a 2550 UV-visible spectrophotometer (Shimadzu, Kyoto, Japan) with a 10-mm cuvette.
The slope of a linear fit of the data provided the initial photodegradation rate, R0.
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3.6. Sample and Data Analyses

Sample analysis: The MB dye concentration was determined according to its absorbance at 665 nm.
Data analysis: The mass of MB dye adsorbed per gram of adsorbent at different times (qt, mg/g)

and at equilibrium (qe, mg/g) were calculated using Equations (2) and (3), respectively:

qt =
(c0 − ct)× V

m
, (2)

qe =
(c0 − ce)× V

m
, (3)

where c0, ct, and ce are the initial concentration, concentration at time t, and equilibrium concentration
of the MB dye (all in mg/g), respectively.

The adsorption ratio (%) of the MB dye was then calculated using Equation (4):

R = (1 − ce

c0
)× 100%, (4)

The Freundlich (Equation (5)) and Langmuir (Equation (6)) isotherms were applied to describe
the adsorption properties of the MB dye on REC/Fe3O4/ZnO, REC/Fe3O4 and ZnO, as follows [60]:

qe = KF × ce
1/n, (5)
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where KF ((mg/g) × (L/g)1/n) is the Freundlich affinity coefficient and 1/n is the Freundlich
exponential coefficient. Additionally:

qe =
qmax × KL × ce

1 + KL × ce
, (6)

where qmax (mg/g) is the maximum adsorption of MB dye on the adsorbents and KL (L/mg) is the
Langmuir adsorption constant.

4. Conclusions

A series of REC/Fe3O4/ZnO composites was synthesized and characterized. The Fe3O4 phase
destroyed the layered structure of REC and increased the adsorption of MB dye. The ZnO component
greatly assisted the degradation of the dye, with the activity of REC/Fe3O4/ZnO decreasing with
increasing ZnO content. REC/Fe3O4/ZnO exhibited the highest photoactivity for the removal of
MB dye at pH 6.0. The adsorption isotherm and degradation kinetics followed the Langmuir and
Langmuir–Hinshelwood models, respectively. The mass loss and photoactivity of REC/Fe3O4/ZnO
only slightly decreased after three cycles. The primary degradation mechanism was also proposed
based on the detected intermediates. Our study demonstrated that REC/Fe3O4/ZnO composites have
great potential as catalysts for the treatment of dye pollutants in aqueous solutions.
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