
Chapter 10
Heterogeneous Photo-Fenton Technology

10.1 Introduction

In recent years, a lot of organic compounds have been used in industries with the
rapid growth of modern science and technology, and they are inevitably released into
environment, which causes great harm to human beings due to their toxicity,
mutagenicity, and potential carcinogenicity [1–5]. Therefore, it is essential to
remove these organic contaminants from wastewater and natural water.

Advanced oxidation processes (AOPs) need less energy than direct oxidation to
degrade organic compounds [6–10]. Fenton technology is one of the most widely
used methods as AOPs for the treatment of organic pollutants in water
[11, 12]. Fenton oxidation process, a catalytic reaction of H2O2 with iron ions,
mainly produces •OH radicals to oxidize organic compounds [13, 14], as shown in
Eq. (10.1), which is considered as the core reaction in the process:

H2O2 þ Fe2þ ! Fe3þ þ OH� þ •OH ð10:1Þ

The generated Fe3+ can be reduced by other H2O2 to reproduce Fe2+ and more
radicals HO2•), which is called Fenton-like reaction and may account for the reason
that a small amount of iron added can continue catalyzing H2O2 to produce •OH
radicals, as shown in Eq. (10.2).

Fe3þ þ H2O2 ! Fe2þ þ HO2 • þ Hþ ð10:2Þ

There are other several reactions in Fenton oxidation process as well, as shown in
Eqs. (10.3), (10.4), and (10.5):

Fe2þ þ •OH ! Fe3þ þ OH� ð10:3Þ
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Fe2þ þ •O2H ! Fe3þ þ HO2
� ð10:4Þ

Fe3þ þ •O2H ! Fe2þ þ O2 þ Hþ ð10:5Þ

Therefore, hydroxyl radicals are continuously produced and are able to degrade
organic compounds uninterruptedly.

However, traditional Fenton reaction has some shortcomings that are focused on
(1) low efficiency in utilizing H2O2, (2) narrow pH range (almost Fenton reaction is
conducted at pH below 3.0), (3) great loss of iron ions and formation of solid sludge
(Fe(OH)3 is mainly included) so that the degradation rate subsequently decreases,
and (4) difficulty in recycling catalysts [15–19].

Graphene is a two-dimensional lamellar structure with one-atom-thick, which is
formed as hexagon rings by sp2-hybridized carbon atoms. The graphene was first
produced by a technique called micromechanical cleavage in 2004 [20] which
subsequently raised the research climax. Subsequently, several other methods
based on redox process are invented, including SiC epitaxial method and chemical
vapor deposition method, which makes easier to prepare graphene. Due to its
honeycomb network structure, graphene has a high surface area (~2630 m2 g�1),
high current density (108 A cm�2), superior mechanical properties, high thermal
conductivity (~2000–5000 W m K�1) [21], excellent mobility of charge carriers
(~100,000 cm2 V�1 s�1) [22], optical transmittance [23], super hydrophobicity at
nanometer scale, etc. These excellent properties make graphene as a unique material
in wide applications including batteries [24–26], solar cells [27–29], sensors [30–
32], catalysts, water treatment [33–41], and so on.

Recently, graphene has been strongly focused on its application in Fenton
reaction to overcome the shortcomings of traditional Fenton technique. 2D π-π
conjugation of graphene can reduce the recombination rate of electrons and holes.
Graphene is a prominent electron acceptor to attract the excited photoelectrons from
semiconductors, which are eventually segregated with the holes. The incorporation
of semiconductor nanoparticles into graphene surface limits the restacking and
agglomeration of graphene, which enlarges the surface area of the composites.
Meanwhile, the functional groups and defect sites of graphene as building blocks
provide the nucleation and growth sites for semiconductor nanoparticles, which lead
to less aggregation of semiconductor nanoparticles. Therefore, the catalytic activity
of the catalyst is also enhanced due to synergistic effects between graphene and
semiconductor in Fenton reaction. What is more, the combination of two materials
makes the nanoparticles tightly anchored on graphene which can effectively prevent
the leaching of the catalyst and make recovery easier [42–44]. Figure 10.1 illustrates
the mechanism of electron transfer of graphene/metal oxide composite.
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10.2 Graphene/Iron (Hydr)oxide Composites Applied
in Fenton Reaction

To date, a series of studies has been reported on the application of graphene/iron
(hydr)oxide composites as photocatalysts to degrade organic pollutants in wastewa-
ter, especially dye pollution, which is attributed to their excellent conductivity,
adsorptivity, stability, reusability, etc. Graphene has been used as an ideal support
material to combine with various iron (hydr)oxides such as Fe2O3, Fe3O4, FeOOH,
ZnFe2O4, and so on [45–48]. The synergistic effects of restricting electron–hole
recombination and preventing the leaching of iron oxides strongly enhance the
photocatalytic activity of the composite. Besides, the large plane structure of
graphene makes aromatic pollution easier to be adsorbed and accelerates the process
of catalysis. Thus, graphene/Fe2O3, graphene/Fe3O4, and other graphene/iron (hydr)
oxides have been discussed and their photocatalytic activity has been evaluated in
the following parts and tabulated in Table 10.1.

10.2.1 Graphene/Fe2O3 Composite as Photocatalyst
in Fenton Reaction

α-Fe2O3 is the most widely used crystalline structure of iron oxide as it is abundant,
inexpensive, and environmentally benign. α-Fe2O3 is an n-type semiconductor and

Fig. 10.1 Electron transfer from conduction band of metal oxide to graphene through percolation
mechanism
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Table 10.1 The photocatalytic activity of various graphene/iron (hydr)oxide composites

Photocatalysts Light source
Photocatalytic
application

Photocatalytic activity
enhancement Reference

Fe2O3/NG Visible light
(λ > 420 nm)
xenon lamp

Degradation of
MB and
glyphosate

1.5-fold and 2.3-fold of
α-Fe2O3

[50]

Fe2O3/GO Visible light
(λ > 420 nm),
300 W Dy lamp

Degradation of
Rhodamine B
and
4-nitrophenol

– [51]

α-Fe2O3/G 350 W xenon
lamp

Degradation of
RhB

2.3-fold of α-Fe2O3 [52]

α-Fe2O3/GO UV light nm),
100 W high-
pressure mer-
cury lamp

Degradation of
MB

2.9-fold of TiO2 and 2.4-fold
of α-Fe2O3

[53]

Fe2O3/GAs Visible light
(AM 1.5G),
300 W xenon
lamp

Degradation of
MO

– [54]

Fe3O4/GO – Degradation of
isatin

– [61]

Fe3O4/RGO Visible light
(AM 1.5G),
300 W xenon
lamp

Degradation of
MO

More high and stable to
Fe3O4

[62]

Fe3O4/RGO Visible light
(AM 1.5G),
300 W xenon
lamp

Degradation of
MB

– [63]

Fe3O4/GO Visible light
(AM 1.5G),
500 W xenon
lamp

Degradation of
phenol

– [64]

Fe3O4/AG Sunlight
(10.00 am ~
2.00 pm)

Degradation of
phenol, 2-NP,
and 2-CP

Remarkable to the other
reported nanomaterials

[65]

Fe3O4/HG 500 W high-
voltage mercury
lamp

Degradation of
MO

[66]

Fe0–Fe3O4–

RGO
– Degradation of

MB
– [67]

Fe3O4/GO – Degradation of
AO7

– [68]

ZnFe2O4/G Visible light
(λ > 420 nm),
300 W xenon
lamp

Degradation of
MB

20-fold of spinel-based
photocatalysts, 4-fold of
TiO2-based photocatalysts,
and 4-fold of other
photocatalysts

[72]

(continued)
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has a low bandgap of 2.2 eV so that it can absorb visible light within 560 nm,
indicating it can utilize most of the visible light to oxidize organic contaminants.
However, the shortcoming of α-Fe2O3 lies in the high electron–hole recombination
rate and slow conversion of Fe (II) and Fe (III), so the catalytic activity of α-Fe2O3 is
much poor compared to that of γ-Fe2O3, Fe3O4, and some other iron catalyst
[49]. Several methods including fabricating composite with carbon material and
forming yolk–shell structure with CdS realized the effective suppression of photo-
generated electron and hole of α-Fe2O3 and make it more active in Fenton reaction.

Graphene as a single-layer carbon material has been frequently explored to
prepare composites with α-Fe2O3 as α-Fe2O3/graphene composites. The large con-
tact interface and strong interaction between graphene and α-Fe2O3 promote the
electron transfer from α-Fe2O3 to graphene, which results in an enhanced
photocatalytic activity. Liu et al. [50] have prepared the composite of α-Fe2O3

anchored on the graphene oxide (GO) nanosheet (α-Fe2O3/GO) (Fig. 10.2) and
found that the photocatalytic activity of the composite has been enhanced, which
led to approximately 2.9-fold that of classical Degussa P25 TiO2 and 2.4-fold that of
α-Fe2O3 for the degradation of methylene blue in Photo-Fenton reaction. Guo et al.
[51] have developed a method to synthesize Fe2O3/GO composite at low tempera-
ture (60 �C) and found that the degradation rate of Rhodamine B and 4-nitrophenol
was efficiently improved and the catalyst was potential for its good stability, little
iron leaching, simple separation, stable catalytic activity, and wide pH range.

What is further reported is graphene content of the composite, which intensively
influences its photocatalytic activity and other performance. Generally speaking,
there is an optimal value for the composite quantity of graphene. The photocatalytic
activity could be improved using graphene within a certain quantity, but it will
decrease when graphene content is beyond the threshold value through enhancing
absorption and scattering of photons by excess carbon content present in the
composite. Han et al. [52] have explored the photocatalytic activities of the

Table 10.1 (continued)

Photocatalysts Light source
Photocatalytic
application

Photocatalytic activity
enhancement Reference

ZnFe2O4/G Visible light
(λ > 420 nm),
500 W xenon
lamp

Degradation of
MB

– [73]

ZnFe2O4/G Visible light
(λ > 420 nm),
500 W xenon
lamp

Degradation of
RhB, MO, and
MB

– [74]

α-FeOOH/
RGO

Solar light Degradation of
phenol

– [75]

α-FeOOH/
GCA

UV light
(365 nm), 125 W
high-pressure
mercury lamp

Degradation of
MB, RdB, OII,
phenol, and
BPA

– [76]
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α-Fe2O3/GO composites with a serious gradient ratio of GO to α-Fe2O3 (0.1%,
1.0%, 2.0%, 5.0%, and 8.0%, respectively), comparing with the pure α-Fe2O3

nanoplates. As Fig. 10.3a shows, the absorption peak at 550 nm decreased in
intensity as the time prolonged. And compared to pure α-Fe2O3, the value of c/c0
decreased faster within a certain period of time when the ratio of GO increased and
the composite with 5.0 wt.% of GO had the best catalytic performance shown in
Fig. 10.3b and 3c, respectively. As a result, the degradation rate constant of the
composite with the optimal ratio of 5 wt% graphene was almost four times faster
than the pure α-Fe2O3 nanoplates and 98% of Rhodamine (RhB) was decomposed
with 20 min of irradiation (Fig. 10.3d).

Moreover, the structure and the morphology of the graphene also affect the
photocatalytic activity of the composites. A composite of α-Fe2O3 and graphene
with N-doping has exhibited higher photocatalytic efficiency. Liu et al. [53] have
reported a pyrrolic N-doped graphene oxide/Fe2O3 mesocrystal (NG-Fe2O3)

Fig. 10.2 XRD patterns (a), TEM image of GO-Fe2O3 (b), NG-Fe2O3 (c) and HRTEM image of
NG-Fe2O3 (d). Reprinted with permission from ref. [50]. Copyright 2017, Elsevier
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nanocomposite which showed 1.5 times higher on degrading methyl blue and 2.3
times higher on converting glyphosate. There are two reasons to explain: (1) the
content of the oxygen-containing groups on GO had been adjusted and the mor-
phology of NG-Fe2O3 has been changed a larger BET surface area compared to that
of bare Fe2O3 and (2) the intimating contact between Fe2O3 and NG accelerated the
electron transfer from Fe2O3 to NG so that the holes in Fe2O3 were increased to
accept electrons from H2O2 to generate hydroxyl radicals in Photo-Fenton reaction.
Thus, the photocatalytic efficiency was improved as observed.

Recently, Fe2O3/3D graphene aerogels (GAs) have been widely studied, but most
of researches have been done on lithium ion batteries due to the difficulty in
dispersing Fe2O3 particles on 3D-graphene, which limits its application in Photo-
Fenton reaction. Qiu et al. [54] have solved the problem of dispersion of Fe2O3

particles on GAs by a modified Stöber-like method. Such 3D network structure
inhibited Fe(II) loss and stabilized the conversion of Fe(III)/Fe(II) in Photo-Fenton
reaction. Besides, the composite was full of elasticity and easy to be recycled shown
in Fig. 10.4, and the loss of Fe(II) of Fe2O3/GR ordinary composite remained high in
acidic solution, which led to the deactivation of the catalyst and degradation rate of
organic contaminants. Thus, compared to pure Fe2O3 and Fe2O3/GR with the similar

Fig. 10.3 (a) Time-dependent UV-vis absorption spectra in the presence of α-Fe2O3 under Xe light
irradiation. (b) Photodegradation of RhB by α-Fe2O3 and α-Fe2O3/graphene composites under Xe
light irradiation 60 min. (c) Comparison of photocatalytical performance of α-Fe2O3 and α-Fe2O3/
graphene composites in 20 min. (d) Kinetic curves of the degradation of RhB by α-Fe2O3 and
α-Fe2O3/graphene composites. Reprinted with permission from ref. [52]. Copyright 2014, Wiley
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particle size and concentration, Fe2O3/GAs exhibited higher Photo-Fenton reaction
activity after the several cycles.

10.2.2 Graphene/Fe3O4 Composite as Photocatalyst
in Fenton Reaction

Fe3O4, a magnetic material with a structure of inverse spinal, is regarded as the most
promising catalyst in Fenton-like reaction due to its decent magnetic, electric, and
catalytic properties, biocompatibility, and low toxicity [55, 56] The octahedral
structure contains both Fe2+ and Fe3+ and the electrons can move fast between
them, allowing the Fe species to be selectively reduced or oxidized and keeping
the structure invariant at the same time. In addition, the narrow bandgap (0.1 eV) of
Fe3O4 is of great importance to electron carrier and magnetic properties of Fe3O4

cause it to be easily dispersed by an external magnetic field, both of which can
enhance photocatalytic activity. However, the nanoscaled Fe3O4 particles are prone
to aggregate to become larger particles that will lose its initial huge surface area and
dispersibility in the aqueous solution and finally diminish the photocatalytic activity
toward organic pollutants. Meanwhile, the slow conversion rate of Fe(II) and Fe(III)

Fig. 10.4 (a) Compression test of Fe2O3/GAs. (b) Schematic illustration of the structure of Fe2O3/
GAs during the compression test. (c) The changing impedance of Fe2O3/GAs during the compres-
sion process. (d) Sequential images of Fe2O3/GAs absorbing pump oil (dyed with Sudan III) on a
water surface and the recycling of Fe2O3/GAs through burning off the oil. Reprinted with permis-
sion from ref. [54]. Copyright 2015, Royal Society of Chemistry
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limits the reaction rate of Fenton process which is the control step and key procedure
to enhance the catalytic capacity of Fe3O4 NPs [57–60].

In order to overcome these drawbacks, methods like immobilizing Fe3O4

nanoparticles onto support materials or encapsulating them within thin protective
layer to prevent their aggregation and electron acceptors are utilized to accelerate the
electron transfer. Naturally, carbon materials, especially graphene, attract the focus
of chemical researchers again, which not only can be supporters to anchor
nanoparticles but also acceptors to receive electrons. Several researches have
reported that the in situ growth of Fe3O4 NPs onto graphene can not only effectively
inhibit the aggregation of magnetite but also enable them to contact with each other
intimately, and such structure favored the transmission of photoactive electrons from
Fe3O4 NPs to graphene. The magnetite nanoparticles are dispersed on the GO
(or rGO) sheets and immobilized by ferric or ferrous ions bonded with oxygen-
containing functional group as crystal nucleuses, which will be the active sites for
catalysis. Herein, the surface area of magnetite is enlarged and the surface energy-
derived agglomeration of nanosized particles is prevented by graphene sheets. In
return, Fe3O4 NPs with certain size can avoid accumulation of adjacent graphene
sheets. Zhou et al. [61] have successfully synthesized GO-Fe3O4 composite through
in situ depositing cubic-phase Fe3O4 on the surface of GO and proved the existence
of the C–O–Fe coordination bond by FTIR. The composite showed excellent
performance on photocatalytic degrading organic contaminant isatin. In another
study, Qiu et al. [62] reported a simple Stöber-like method without additional
reductants and organic surfactants on the synthesis of rGO–Fe3O4 nanocomposite,
which was environmental friendly and suitable for mass production. The Fe3O4 NPs
were ultra-dispersed on the graphene sheets during the in situ growth process and the
particle sizes were well controlled at an extremely small value (3–8 nm), which was
clearly seen in Fig. 10.5. The results of Photo-Fenton experiments to degrade methyl
orange, methylene blue, and Rhodamine B were satisfactory due to the high surface
area and fast electron transfer.

The graphene content in the magnetite-based composites also plays one of the
decisive factors for the performance of photocatalyst. There is no doubt that the
graphene content of the composite has an optimal value for the sake of the highest
photocatalytic activity similar to combination with Fe2O3 above. Zubir et al. [63]
have found that the beneficial intercalation of GO within Fe3O4 nanoparticles was
10 wt% after a series of experiments using composites with different weight ratio of
GO to degrade organic compounds, which showed 20% higher degradation rate of
Acid Orange 7 than that of bare Fe3O4 nanoparticles, as well (Fig. 10.6a). This can
be explained that at high GO loading, stacking of the graphene sheets may happen
through the π-π interactions which correspond to the van der Waals and hydrophobic
fields around the carbon basal plane of GO sheets. Therefore, the aggregation of
Fe3O4 NPs on the exterior surface of GO stacking might hamper the effective
diffusion and contact between the reactants toward the active sites and decrease
the ample formation of hydroxyl radicals to decompose AO7 during the reaction.
The pH range was extended to nearly neutral condition and the cyclicity of the
composite was perfect as shown in Fig. 10.6b and 6c. Likewise, Yu et al. [64]
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comparatively studied the influence of the weight ratio of GO in Fe3O4-based
composite ranging from 0 to 15 wt% on the photocatalytic activity. The result
showed that the degradation rate reached the highest value when the GO content is
5 wt% in Fe3O4/GO composite regardless of increasing or decreasing GO content
because the active sites may be covered and the contact with H2O2 may be hindered
by superfluous GO.

In several reports, the composite of Fe3O4 nanoparticles combining with modified
graphene shows the more efficient photocatalysis than ordinary Fe3O4/GO catalyst.
The introduction of other functional groups or elements into graphene may facilitate
the higher catalytic activity and conductivity of graphene and subsequently reinforce
the capability of prohibiting the electron–hole recombination rate and adsorbing
organic contaminants onto the sheets with compositing with Fe3O4 nanoparticles.
Boruah et al. [65] synthesized AG/Fe3O4 composite that graphene was decorated
with ammonia. The new catalyst exhibited efficient photocatalytic activity degrada-
tion of phenol, 2-nitrophenol (2-NP), and 2-chlorophenol (2-CP) and further high
removal of three organic compounds under sunlight irradiation, which was attributed
to the synergistic effect between AG and Fe3O4 NPs by preventing the recombina-
tion of electron–hole pair to enhance the catalytic performance. The synthetic route
and the mechanism of degradation were presented in Fig. 10.7. Graphene could not
form a good composite with Fe3O4 due to its hydrophobicity, so Wang et al. [66]
prepared a type of hydrophilic graphene (HG) by GO reacting with

Fig. 10.5 TEM images (a, b) and HRTEM images (c, d) of Fe3O4/RGO composites. Inset of (c) is
the corresponding particle size distribution of the loaded Fe3O4 nanoparticles derived from 100 of
Fe3O4 nanoparticles in (c). Reprinted with permission from ref. [62]. Copyright 2016, Elsevier
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phenylhydrazine-4-sulfonic acid to synthesize HG/Fe3O4 composite. The result
showed that Fe3O4 nanoparticles were uniformly and tightly clinched onto the HG
sheets, and the composites demonstrated paramagnetic characteristic, better stability
in water, and higher Photo-Fenton activity.

After years of research, a variety of preparation methods of Fe3O4 and graphene-
based catalyst have been invented in order to improve the photocatalytic efficiency
in Fenton reaction, cost saving, and environmental friendly. Santhosh et al. [67]
prepared G–Fe3O4 composite through a one-step solvothermal route, which was
more convenient and less contaminative compared to two (or more)-step routes.
Fe3O4 was proved to anchor firmly and well dispersedly on the graphene sheets in
the resulting G–Fe3O4 composite which showed excellent performance on adsorbing
heavy metal like lead ion and degrading methylene blue due to the inhibition of
electron–hole recombination and more active sites for degradation. Jiang et al. [68]
studied the fabrication of rGO–Fe3O4 nanocomposite through a creative procedure
that utilized a brown alga (Sargassum thunbergii) as the solely reducing agent,

Fig. 10.6 (a) Effect of RGO content in RGO/Fe3O4 catalyst ([MB]0 ¼ 20 mg L�1;
[H2O2]0 ¼ 10 mmol L�1; [catalyst] ¼ 0.25 g L�1; pH ¼ 6; room temperature). (b) Degradation
efficiency in different pH([MB]0 ¼ 20 mg L�1; [H2O2]0 ¼ 10 mmol L�1; [catalyst] ¼ 0.25 g L�1;
room temperature). (c) Degradation rate for each run with RGO/Fe3O4 catalyst ([MB]0 ¼ 20 mg L�1;
[H2O2]0¼ 10 mmol L�1; [catalyst]¼ 0.25 g L�1; pH¼ 6; room temperature). (d) Degradation rate in
actual water sample ([MB]0¼ 20 mg L�1; [H2O2]0¼ 10 mmol L�1; [catalyst]¼ 0.25 g L�1; pH¼ 6;
room temperature). Reprinted with permission from ref. [63]. Copyright 2017, Elsevier
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which replaced the toxic acids and amines to avoid polluting the environment.
Besides, Sargassum thunbergii is so abundant across the coast of China that the
photocatalyst can be mass prepared with low cost. This method can be regarded as
the exploration on green synthetic technology and has potential of further research.
The synthesized material displayed excellent catalytic performance, showing 96%
degradation rate under mild conditions. Except the methods mentioned above, there
are several other ideas such as hydrothermal method and co-participation method,
etc., which facilitate the wide application of rGO–Fe3O4 as photocatalyst.

10.2.3 Graphene/Other Iron (Hydr)oxide Composite
as Photocatalyst in Fenton Reaction

In addition to the above composites, other iron (hydr)oxides have also been incor-
porated with graphene to prepare highly effective photocatalysts for Photo-Fenton
reaction. For instance, ZnFe2O4 [69], MnFe2O4 [70], and CoFe2O4 [71] with spinel
structure have attracted much attention for their visible light-driven photoactivity.

Fig. 10.7 Schematic representation for the synthesis of AG/Fe3O4 nanocomposite toward
photocatalytic degradation of phenol, 2-NP, and 2-CP under sunlight irradiation. Reprinted with
permission from ref. [65]. Copyright 2017, Elsevier
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Besides, α-FeOOH and β-FeOOH [48] are also explored to apply as catalyst for
water purification.

ZnFe2O4 has a narrow bandgap of 1.9 eV so that it can absorb visible light up to
653 nm, which tremendously enhances the utilization of sunlight. ZnFe2O4 has great
potential to be used as a high-performance photocatalyst to deal with water organic
pollution owing to its high catalytic capability, low cost, and simple magnetic
separation. Besides, graphene is utilized as support material and electron acceptor
for ZnFe2O4. The nanosized ZnFe2O4 particles that grew on graphene have high
surface area and low electron–hole recombination due to its suitable short diameter.
The photo-generated electrons are rapidly transferred to graphene so that the holes
are preserved to react with H2O2 and H2O to generate hydroxyl radicals for decom-
position of dye pollution. Furthermore, both the aggregation of ZnFe2O4 and the
stack of graphene sheets were prevented. Yang et al. [72] reported a novel strategy to
synthesize G-ZnFe2O4 composite through interface engineering. They used
graphene as barrier to control the growth of ZnFe2O4, channels to transport photo-
generated electrons, and vessels to inhibit the recombination of electrons and holes.
The results showed that the G-ZnFe2O4 catalyst had an ultrafast degradation rate of
methyl blue, which was 20 times higher than the previous reported spinel-based
photocatalysts, 4 times higher than that of the TiO2-based photocatalysts, and
4 times higher than those of the other photocatalysts. Fu et al. [73] prepared a
magnetically separable ZnFe2O4–graphene nanocomposite photocatalyst through a
facile one-step hydrothermal method (Fig. 10.8). The degradation rate of methyl
blue was 88% in just 5 min and reached 99% after 90 min visible light irradiation but
also concluded that compared with pure ZnFe2O4 catalyst, the as-prepared
photocatalyst had a dual function of photocatalytic decomposing MB and photo-
generating hydroxyl radicals. Lu and cooperators [74] obtained a ZnFe2O4–G
composite with ZnFe2O4 nanocrystals simultaneously anchored on rGO by a facile
one-pot solvothermal method. Similarly, the ZnFe2O4–G composite presented pow-
erful photocatalytic activity for degradation of Rhodamine B, methyl orange, and
methylene blue by Photo-Fenton reaction and could be easily recycled by an external
magnetic field due to its excellent magnetism, for which the photocatalyst had the
potential to be applied in water treatment.

Fig. 10.8 Images of
ZnFe2O4–G(0.2) suspension
with (a) and without (b) a
magnetic field. Reprinted
with permission from ref.
[73]. Copyright 2011,
American Chemical Society
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In recent studies, α-FeOOH has been found to degrade some recalcitrant organic
compounds at neutral to alkaline pH values under UV irradiation. It first absorbs UV
light to produce electrons and holes and subsequently reacts with H2O and H2O2 to
produce ●OH radicals. The hydroxyl radicals can also be generated by breaking up
the FeO–OH bond through UV irradiation. Importantly, the incorporation of
graphene and α-FeOOH enables the composite to have visible light response and
absorption characteristics, and the photo-generated electrons are also transported to
graphene sheets to reduce their recombination and enhance the photocatalytic
activity. Wang et al. [75] prepared GO/α-FeOOH composite by reducing Fe
(II) onto GO via in situ self-assembly process. They demonstrated that the
as-prepared catalyst had a high activity on oxidizing phenol under visible light
irradiation in a wide pH range. Liu et al. [76] synthesized α-FeOOH@GCA by
incorporating GO-CNTs and α-FeOOH nanoparticles using a facile in situ hydroly-
sis route. Compared with pristine α-FeOOH, the composite was proved to show
more effective in H2O2 activity and more excellent performance on degrading OII.

10.3 Conclusions and Outlook

In summary, various iron-based oxides/graphene composites have been explored to
obtain more effective, environmental friendly, cheaper, and more toxic catalyst in
order to solve the problem of increasingly dye pollution in water. The synergistic
effect of graphene and iron (hydr)oxides semiconductors enhances the
photocatalytic activity of iron (hydr)oxides to degrade a large number of water dye
pollutants such as methyl blue, phenol, and so forth. The combination of the size-
dependent property of nanomaterials and the excellent properties of graphene endow
the composites exhibiting much more functionalities, such as large surface area,
wide pH reaction range, wide sunlight response and absorption, high adsorption
capacity, high speed of electron transportation, low recombination of electrons and
holes, and so on. The iron (hydr)oxides have various bandgap ranging from 0.1 eV
(Fe3O4) to 2.8 eV (FeOOH) and the potential of the minimum conductive band is
more negative than the water reduction potential (H+/H2) or the potential of the
maximum valence band is more positive than the water oxidation potential (H2O/
O2). A variety of synthetic methods have been studied to produce iron (hydr)oxides-
based composites. However, there are still some problems needed to be overcome
for large-scale application. For instance, it is difficult to obtain high purified
graphene with precisely controlling the defects and defect sites. The recombination
of electrons and holes and restacking of graphene to graphite are not completely
solved. It still needs to be further researched to find new methods to overcome the
problems mentioned above.

The exploration of new catalysts and treatment technique of the organic pollut-
ants in wastewater is an exciting and difficult work for scientific researchers.
Considering the recycling of catalysts, magnetic materials may attract more attention
due to that they not only possess the catalytic performance but also can be magnetic
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separated by an external magnetic field, which makes them better for recycling and
reduces the secondary pollution to the environment. Besides, graphene-based mate-
rials are promising and potential for water purification and also considered as future
materials, but there are still lots of uncertainties to completely understand its
properties and phenomenon. Water quality is quite important for human health.
Therefore, Fe2O3, Fe3O4, and other iron oxides coupled with graphene are discussed
and reviewed in this article to summarize the former research achievements in related
fields and also to understand the properties and performance of these composites.
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