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� b-FeOOH@GO greatly enhanced Fenton oxidation efficiency.
� �
OH, HO2

�� and 1O2 radicals were involved this system.
� Degradation intermediates on catalyst surface was identified with TOF-SIMS.
� A series of newly identified intermediates were reported first time.
� Synergistic catalytic mechanism of b-FeOOH@GO was elucidated.
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a b s t r a c t

To enhance the catalytic and separation properties of akagan�eite nanoparticles, rice spike-like akagan�eite
impregnated graphene oxide (b-FeOOH@GO) nanocomposite was fabricated through facile hydrolysis.
The apparent first-order decolorization rate of methylene blue (MB) in b-FeOOH@GO catalyzed photo
Fenton-like system was 0.6322 min�1 about 3 folds that of prinstine b-FeOOH nanoparticles. The
degradation intermediates of MB adsorbed on the solid surface of b-FeOOH@GO were comprehensively
identified with time of flight-secondary ion mass spectroscopy (TOF-SIMS) for the first time. Newly
identified sulfoxide intermediates, sulphone intermediates and desulfurization intermediates and N-
demethylaton or dedimethamine intermediates were reported for the first time. The proposed degra-
dation pathway of MB predominantly proceeded with the rupture of phenothiazine rings oxided with
�OH, and singlet oxygen (1O2) radicals, which fully extending the reaction pathways proposed in
previous work in literature. The enhanced catalytic activity of b-FeOOH@GO was ascribed to the for-
mation of heterojunctions confirmed by the presence of FeeOeC chemical bonds through X-ray
photoelectron spectroscopy (XPS). The complete elimination of MB and its acute toxicity to Luminous
bacteria showed that b-FeOOH@GO would be served as a highly efficient Fenton-like catalyst for treat-
ment of high concentration refractory organic contaminant.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced oxidation processes (AOPs) have been emerged as
one of the most effective methods to degrade refractory organic
pollutants (Brillas and Martinez-Huitle, 2015; Chowdhury and
ironmental Science, Shanghai
Eco-Restoration, East China

.

Balasubramanian, 2014; Zangeneh et al., 2015). The conventional
Fenton reaction involves the generation of highly oxidative and
non-selective �OH (E0¼ 2.80 V vs NHE) and the less oxidative
(E0¼1.30 V vs NHE) (Bossmann et al., 1998) in the mixture of
stoichiometric amounts of Fe2þ salts and a large excess of H2O2 at
acidic pH (Bae et al., 2013; Zhang et al., 2002). Fenton-like catalysis
would be an optimum alternative by using iron-containing min-
erals in the elimination of refractory organic pollutants, such as
hematite (Fe2O3), iron (oxy)hydroxide (FeOOH) (Mazellier and
Bolte, 2000), magnetite (Fe3O4) (Ruales-Lonfat et al., 2015) and
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pyrite (FeS2) (Bae et al., 2013). However, most of them did not
show favorable photocatalytic activity due to their small particles,
severe aggregation, loss of catalytic activity and difficult
separation.

Compositing technology was reported to greatly improve or
enhance the catalytic activity of iron-containing minerals for the
purpose of practical application by assembling them with ideal
supports. Among most studied iron-containing mineral compos-
ites, such as Fe3O4-MWCNTs (Hu et al., 2011), Fe2O3-ACF (Lan et al.,
2015), FePO4-GO (Guo et al., 2015) and ZnFe2O4eg-C3N4 (Yao et al.,
2014), the graphene oxide (GO), used as catalysts' support
recently, has triggered a revolution in the field of supporting
materials. GO can absorb photons in the ultraviolet, visible, and
infrared regions because of its zero-band gap energy (Wassei and
Kaner, 2013). With unique mono-layered two-dimensional
morphology and band gap structure, GO showed excellent elec-
tron accepting, storing and transferring ability (Kim et al., 2013).
The existence of GO obviously contributes to the adsorption of
reactants and the mass transfer to the photoactive centers through
the interface (He et al., 2011). The excellent electrical conductivity
of GO also contributes to shuttling the captured electrons rapidly
to the catalytic active sites or oppressing the photogenerated
electron-hole pair recombination. Williams and coauthors
demonstrated the photoelectrons generated from TiO2 transferred
to GO leading to improved photocatalytic activity of TiO2 through
the suppression of electronehole recombination proving GO
would be an ideal electron sinks or transfer bridges (Leary and
Westwood, 2011; Williams et al., 2008). For example, Qiu and
coauthors reported that the commercial Fe2O3 exhibited nearly
100% decolorization rate of methyl orange in the photo-Fenton-
like reaction the Fe2O3/GO aerogel remained around 90% decol-
orization rate during 10 cycles (Qiu et al., 2015). The existence of
graphene oxide enhanced the separation of the photoexcited
electron-hole pairs of Fe2O3, the mobility of photo-induced car-
riers and provision of high-surface area for adsorption of dyes (Jia
et al., 2013; Li et al., 2014; Song et al., 2012). While with the same
GO support, the Fe2O3/GO composites showed poor catalytic and
recycled property just as that of commercial Fe2O3 due to dis-
solved iron from the catalyst in the same study (Qiu et al., 2015).
One of iron oxides, akagan�eite (b-FeOOH) has caused great
attention in catalysis because of its natural abundance in the
environment, catalytic property and biocompatibility. However, b-
FeOOH minerals are usually present as fine or ultrafine particles,
easy to agglomerate and difficult to be separated fromwater phase
for its nano-size effect. b-FeOOH shows semiconductor property
with narrow band gap energy of 2.12 eV and it can effectively
harvests the visible light in solar spectrum. But its poor electron-
hole pair separation efficiency and short life of photogenic carriers
have become a bottleneck for b-FeOOH practical application in
photocatalytic field (Ruales-Lonfat et al., 2015). In order to
improve light absorption, catalytic efficiency and electron-hole
pair separation of b-FeOOH (Espinosa et al., 2015; Guo et al.,
2015), b-FeOOH@GO was composited through forced hydrolysis
in our previous work and used as environmental adsorbent for
fluoride from water (Iiu et al., 2016).

In this study, wewant to explore the catalytic performance of b-
FeOOH@GO as a Fenton-like catalyst. A representative dyestuffs
methylenen blue (MB) was chosen as a model refractory organic
pollutant due to its wide application in chemical industry, printing
and dyeing, medicine, aquaculture and its carcinogenic effects on
living organisms (Banat et al., 1996; Barrios-Ziolo et al., 2015; Rai
et al., 2005). The effectiveness, degradation intermediates and
possible catalytic degradation mechanism of MB discolorization in
b-FeOOH@GO catalyzed photo-Fenton-like system were systemat-
ically evaluated.
2. Materials and methods

2.1. Photo-Fenton-like degradation experiments

Catalyst b-FeOOH@GO was synthesized according to our previ-
ous work (Iiu et al., 2016), briefly, 2.7 g of FeCl3$6H2O was added
into 100ml volume of 1000mg l�1 of GO solution followed with
magnetic stirring at 80 �C for 4 h. The typical degradation experi-
ment was performed by adding a desired amount of b-FeOOH@GO
(0.25 g L�1) and H2O2 (1.10mM) into 400ml of 40mg L�1 MB so-
lution in a pyrex reactor. The pH was adjusted with 0.1M HCl or
NaOH. The suspension was stirred with a magnetic stirrer at air-
conditioned room at 20 �C and irradiated with a 125W high-
pressure mercury UV lamp (Phillips GGY125Z ballast with main
wavelength of 365 nm and irradiation intensity of 1.94mWcm�2).
The recycling experiments of b-FeOOH@GO were consecutively
carried out with 60min of dark adsorption followed by 60min of
photo Fenton-like catalytic reaction without any other post treat-
ment. About 5ml aliquot was withdrawn at predetermined time
intervals. All experiments were conducted in triplicatewith relative
standard deviation less than 5%.

2.2. Analytical methods

MB concentration was measured through UVeVis spectropho-
tometer at wavelength of 665 nm. Total dissolved iron content was
analyzed by inductively coupled plasma-optical emission spec-
troscopy. Sulfate and nitrate anions formationwas monitored by an
ion chromatography system (ICS-2500, Thermo Fisher Scientific
Inc., United States). The concentration of H2O2 was measured
through a titanium (IV) oxysulfate method via UVeVis spectro-
photometer at wavelength of 400 nm (Kuang et al., 2011). The acute
toxicity was tested with the luminescent bacterium Q67 (Vibrio
qinghaiensis) was tested with bioluminescent bacterium (Tian
et al., 2014). The electron spin resonance (ESR) spectra of typical
ROS involved in this systemweremonitoredwith EPR spectrometer
(JES-FA200, Bruker, Germany). The ROS will react with corre-
sponding spin-trapping reagents 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) or tetramethylpiperidinooxy (TMP) to form spin adducts
either in water or methanol. To identify the chemical structures of
trace amount of MB degradation intermediates adsorbed on the
solid surface of b-FeOOH@GO after degradation, a TOF-SIMS V
system (IONTOF GmbH Inc., Germany) was applied. To analyze the
degradation intermediates of MB present in the solution, a Waters
Acquity UPLC/MS (Waters Ltd., USA) was used and equipped with a
BEH C18 analytical column (1.7 mm, 2.1� 50mm).

3. Results and discussion

b-FeOOH@GO was synthesized through a simplest and moder-
ate way by in-situ hydrolysis of FeCl3 in presence of GO (Iiu et al.,
2016). Monodispersed rice-spike like b-FeOOH nanorods uni-
formly distributed on the wrinkled transparent surface of layered
GO nanosheet with the uniform dimensions of about 100 nm of
length� about 20 nm of width shown in Fig. S1. The intercalated b-
FeOOH nanorods within the lamellar organization of GO prevents
the restacking of GO nanosheetes and decreases the integrity of
graphene oxide crystal structure, leading to the disappearing of the
diffraction peaks corresponding to GO. The iron content of b-
FeOOH@GO was determined to be 25.8%, higher than the iron
content of iron oxide impregnated resins (7e12%), activated carbon
(7%) and sand (1e3%) (DeMarco et al., 2003; Katsoyiannis and
Zouboulis, 2002; Vaughan and Reed, 2005). The surface area and
porosity are 202.6m2 g�1 and with mesopore volume distribution
of 74% and micro or macropore volume distribution of 13%,
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separately (Kuang et al., 2016). Due to the unique properties of GO,
the potential catalytic ability of b-FeOOH@GO was evaluated
through decolorization of MB in photo-Fenton-like system.
3.1. Enhanced decolorization performance of b-FeOOH@GO in
photo-Fenton-like system

The decolorization efficiencies of MB by adsorption, UV irradi-
ation, Fenton-like and photo-Fenton-like processes were studied
and results were shown in Fig.1A. The decolorization ratio of MB by
b-FeOOH and b-FeOOH@GO was 7.7% and 62.4 after 60min mainly
due to the adsorption, respectively. b-FeOOH@GO showed a sig-
nificant enhanced adsorption capacity in contrast to that of b-
FeOOH due to the superior adsorption and enrichment ability of GO
which would strongly interact with MB through electrostatic and
p-p stacking interactions (Kim et al., 2015; Zhao et al., 2012).
Decolorization ratio of MB with UV photolysis, b-FeOOH þ UV and
b-FeOOH@GO þ UV was 20.3%, 7.7% and 79.3% after 60 min reac-
tion, respectively. The MB decolorization of by b-FeOOH@GO þ UV
photocatalysis was greatly improved comparing with b-
FeOOH þ UVmainly ascribed to the strong adsorption ability of GO.
b-FeOOH and b-FeOOH@GO did not yield decolorization in the
presence of H2O2 in relation to their relevant adsorption results,
indicating that the Fenton-like processes of b-FeOOH and b-
FeOOH@GO contributed pretty weak in MB decolorization. Decol-
orization of MB by H2O2þUV, photo-Fenton-like systems of b-
FeOOH þ H2O2þUV and b-FeOOH@GO þ H2O2þUV was 94.4%,
Fig. 1. Decolorization of MB under different conditions (A), UVeV
96.1% and 99.7% after 60 min, respectively. The pseudo-first order
rate constants of MB decolorization in control experiments were
shown in Table S1. The pseudo-first order rate constants of MB
decolorization in b-FeOOH þ H2O2þUV and b-
FeOOH@GO þ H2O2þUV systems were 0.2148 min�1 and 0.6322
min�1, respectively. The synergistic interaction of GO and b-FeOOH
not only mediates the physiochemical and optical property of b-
FeOOH but also effectively concentrates large amount of MB in the
vicinity of b-FeOOH leading to greatly enhanced catalytic activity of
b-FeOOH@GO.

The optical absorption properties of b-FeOOH@GO were inves-
tigated through UVeVis diffuse reflectance spectra (UVeVis DRS)
and photoluminescence spectra (PL). In Fig. 1B, the pristine b-
FeOOH has an absorption edge at approximately 630 nm ascribed
to the band gap of ~1.88 eV b-FeOOH@GO exhibits stronger light
absorption ability and a significant photosensitivity in both visible
and UV regions due to interfacial interaction between b-FeOOH
with GO sheets. In Fig. 1C, the PL spectrum of b-FeOOH showed that
numerous photo-induced charges were easily generated under
irradiation. b-FeOOH@GO showed obvious PL quenching effect
revealing the strong electronic interaction between b-FeOOH and
GO sheets. The photogenic electrons can be effectively transferred
from GO surface to b-FeOOH under UV irradiation leading to pro-
mote the photo-reduction of Fe3þ to Fe2þ on the surface of b-
FeOOH@GO heterojunction due to GO's large electron storage ca-
pacity (Cai et al., 2015; Tian et al., 2013), greatly enhanced photo-
Fenton-like catalytic performance (Yao et al., 2014).
is DRS (B) and PL spectra (C) of b-FeOOH and b–FeOOH@GO.



Fig. 3. Effect of H2O2 dosage on MB decolorization in b-FeOOH@GO þ H2O2þUV
system.
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3.2. Effect of pH

The effect of pH on decolorization of MB in b-
FeOOH@GO þ H2O2þUV system was shown in Fig. 2A. The b-
FeOOH@GO þ H2O2þUV system maintained efficiently in decolor-
izing MB within pH ranges from 2.67 to 12.11. The point of zero
charge (pHZPC) of b-FeOOH@GO was determined to be 2.25 due to
the presence of GO (Kuang et al., 2016). The surface of b-
FeOOH@GO would be negatively charged at higher pH value
(pH> 2.25), thus facilitating favorable adsorption of the cationic
dye of MB through electrostatic attraction. The temporal con-
sumption of H2O2 with time in three different pH values was also
detected and shown in Fig. 2B. H2O2 consumption decreased or
more likely to be activated in the sequence of alkaline
(pH¼ 12.11)> neutral (pH¼ 5.60)> acid (pH¼ 2.67) in this system,
separately (Yuan et al., 2013). Another reason would be lower pH
values protonating H2O2 and disfavoring the formation of �OH
radicals (De Laat and Gallard, 1999). It suggested that b-FeOOH@GO
catalyzed heterogeneous Fenton-like process has greatly expanded
the efficient application pH range. Wang et al. reported the decol-
orization of MB was nearly 100% in photo-Fenton-like process
catalyzed by Fe(II)Fe(III)-LDHs in pH of 2e7, while decolorization
decreased to 76.4% when the pH increased to 10 (Wang et al., 2014).
He et al. also reported dye of MY10 was nearly decomposed in a-
FeOOH þ H2O2þUV system within 120 min at pH 5, and it needed
about 340min to complete removal at pH 9 (He et al., 2002; Poulios
et al., 2003). Shao et al. reported the RhB decolorization rate
decreased from 92% to 64% in a-Fe2O3-graphene H2O2þvisible light
when pH increased from 3 to 9 (Shao et al., 2015). Comparing with
those reports, in whole pH range b-FeOOH@GO could improve the
interaction between MB with b-FeOOH in microenvironment.

3.3. Effect of H2O2 dose

The effect of H2O2 dosage on MB decolorization in b-
FeOOH@GO þ H2O2þUV system was shown in Fig. 3. The decolor-
ization of MB increased with the addition of more amount of H2O2
in this system. Commonly, Fenton reaction uses dozens of to
thousands of equivalents of H2O2 with respect to the pollutants
(Dhakshinamoorthy et al., 2012; Navalon et al., 2010). For example,
the molar ratio of H2O2 to dyes in photo-Fenton-like reaction was
74 in decolorization of red B catalyzed by Fe2O3 supported on
activated carbon fibers (Lan et al., 2015), was 83 in Rhodamine B
decolorization catalyzed by a-Fe2O3-graphene (Shao et al., 2015),
was 2807 in MB decolorization catalyzed by Fe3O4@rGO@TiO2
(Yang et al., 2015), was 3500 in Orange II decolorization catalyzed
by ZnFe2O4-g-C3N4 (Yao et al., 2014), was 4163 in Rhodamine B
decolorization catalyzed by GOeFePO4 (Guo et al., 2015) and was
Fig. 2. Effect of pH on MB decolorization (A) and H2O2 de
5069 in methyl orange decolorization catalyzed by Fe2O3-graphene
aerogels (Qiu et al., 2015), respectively. The complete mineraliza-
tion of MB using minimum dosage of H2O2 is highly desired for
practical application. In this study, nearly a hundred percent of MB
removal is obtained in b-FeOOH@GO þ H2O2þUV system with the
molar ratio of H2O2 to MB of 10. Addition of more H2O2 could
enhance the generation of �OH and photocatalytic efficiency (Ma
et al., 2015), while, the addition of excess amount of H2O2 would
not be helpful in promoting MB decolorization because of H2O2
acting as the �OH radicals quencher (Hadjltaief et al., 2013; Kuang
et al., 2013).

3.4. Durability of b-FeOOH@GO

In order to further testify whether b-FeOOH@GO was regener-
ated in-situ, six times consecutive degradation recycles of regen-
eration in b-FeOOH@GO þ H2O2þUV system were conducted and
the result was presented in Fig. 4A. The adsorption of MB of b-
FeOOH@GOwas slight lower than that of the first time after the 6th
reuse due to occupation of adsorption sites by the degradation
intermediates of MB or partly the loss of a small amount of the
catalyst in the recycling runs; while the MB degradation patterns
and efficiency remained similar with that of the first cycle. The FTIR
of b-FeOOH@GO after 6 time photo-Fenton-like oxidation shown in
Fig. 4B was basically identical with that of the original b-
FeOOH@GO (Iiu et al., 2016). The MBmineralization and generation
of anions at natural pH in the first cycle in this system were also
composition (B) in b-FeOOH@GO þ H2O2þUV system.



Fig. 4. Durability of the catalyst after 6 times recycles (A) and FTIR spectra of b-FeOOH@GO before or after degradation of MB (B); generation of SO4
2�, NO3

�, mineralization (C) and
dissolved iron content (D) in b-FeOOH@GO þ H2O2þUV systems.

Fig. 5. The temporal evolution of UVeVis spectra of MB decolorization in b-
FeOOH@GO þ H2O2þUV system (inset: shift of maximum absorption wavelength as a
function of reaction time).
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presented in Fig. 4C. It can be deduced that CeSþ¼C group in thi-
onin ring was firstly attacked by �OH radicals according to the
occurrence of predominant SO2�

4 anions sharply reaching 70% at
initial 3min reaction. By contrast, the generation of NO�

3 nearly
kept a constant level at about 1% throughout the reaction, showing
insignificant N-demethylation intermediates occurred during the
process (Houas et al., 2001). The organic carbon (TOC) removal
continued to rise with the reaction time until up to 50% at 60min.
In Fig. 4D, the maximum dissolved iron was 0.277mg L�1 which
accounts for 0.4% of doped b-FeOOH. The photo-dissolution of b-
FeOOH@GO was not significant in the reactions due to the strong
chemical interaction between b-FeOOH with GO (Lachheb et al.,
2002). Therefore, the homogeneous photo Fenton pathway hardly
made contribution to MB decolorization induced by lower con-
centration of dissolving iron species. Iron species are therefore
recycled directly on the catalyst without significant diffusion into
the solution.

3.5. Photo Fenton-like catalytic degradation mechanism

3.5.1. Evolution profile of UVeVis absorbance of MB decolorization
Temporal changes of the UVeVis spectra duringMB degradation

was given in Fig. 5. The maximum absorption peaks in the visible
range at 665 and 610 nm were attributed to the chromophores of
MB namely eC]S and eC]N and its dimers, which can undergo
hemolytic cleavage (Zhou et al., 2010a). The peaks at 245 and
292 nmwas ascribed to the p/p* transition related to conjugated
aromatic rings (Li and Zhang, 2010). Fig. 5 showed a dramatic
decrease of MB absorbance with the reaction proceeding implies
the breakdown of conjugated system of phenothiazine chromo-
phores accompanying the degradation of auxochrome of benzene
ring in MB structure. It indicated that the decolorization of MB and
decomposition of benzene ring occurred at the same time (Yu et al.,
2015). In addition, absorbance at a lower UV region around 200 nm
increased firstly then gradually decreased due to the first formation
of benzene cleavage intermediates finally leading to the minerali-
zation (Zaied et al., 2011). It should be noted that the absorbance
around 200 nm does not completely disappear after 60min, owing
to the accumulation of unsaturated hydrocarbon intermediates. An
insignificant hypochromic-shift occurred from 665 nm (lmax for
MB) to 630 nmwith intensity descending within 10minwhich was
shown in inset of Fig. 5, which suggests a minor N-demethylation of
MB occurred. Wen-Hui Kuan et al. reported a marked blue-shift of
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UVeVis absorbance peaks of MB in the MnO2 or MnO2/heating
systems. In sole MnO2 system, the UVeVis absorbance peak of MB
shifted from 665 nm (lmax for MB) to 650 nm (lmax for Azure B) at a
reaction time of 5min and then shifted to 600 nm (lmax for Thionin)
after 24 h. In MnO2/heating system, two distinguished peaks at
640 nm (lmax for Azure A) to 618 nm (lmax for Azure C) were
observed at 5min, in which N-demethylation of MB containing
auxochromic methylamine groups is another important catalytic
degradation pathway (Kuan et al., 2013). Wu et al. also observed the
obviously blue-shift at 665 nm resulting from the formation of
demethylated dyes intermediates (Wu et al., 2015). In our study, the
blue-shift gradually became clear due to formation of N-deme-
thylation by-products of MB within 10 min. It suggested N-deme-
thylation was probable part of the reaction pathway of MB
decolorization in b-FeOOH@GO þ H2O2þUV system.

3.5.2. Proposed degradation pathway of MB

In order to verify MB degradation was a surface-catalyzed re-
action on the interface of b-FeOOH@GO/water, the surface analysis
of b-FeOOH@GO was first time reported through TOF-SIMS in our
study and the result was shown in Fig. S2. TOF-SIMS can precisely
identify the trace amount of organics on the surface of a solid
material. Many fragments with different m/z were coappeared in
negatively and positively charged mass spectra, such as m/z¼ 302,
312, 317, 284 (molecular weight of MB), 255, 201, 325, 341, 357. The
formation of those MB degradation intermediates adsorbed on the
surface of b-FeOOH@GO identified with TOF-SIMS confirmed the
surface-catalytic nature of this heterogeneous Fenton-like system.

The degradation intermediates of MB present in aqueous solu-
tion was further analyzed by LC-ESI(þ)-MS shown in Fig. S3
reconfirming the TOF-SIMS' results. The peaks with different m/z,
such as 263, 279, 301, 317 and 342 were observed both in TOF-SIMS
and LC-MS analysis which clearly indicated that the surface
adsorbedMB degradation intermediates will ultimately diffuse into
the bulk solution. Based on the nitrate or sulfate anions formation,
TOF-SIMS and LC-MS spectra, the predominant degradation
pathway was proposed firstly to oxide CeSþ¼C groups of thionine
ring to form the intermediates from m/z¼ 284 to 301, 317, 255
rather than to oxide dimethylamino groups. The peak with m/
z¼ 255 indicates the rupture of thionine ring through desulphone
reaction to release high concentration of sulfate anions, which in-
duces the opening of central heterocylic ring of phenothiazine
structure. The peaks withm/z¼ 263, 279, 295 and 312 indicated the
subtraction of sulfur dioxides from the relative parent compounds
accordingly. The demethylation reaction proved by the blue-shifts
of the maximum absorption peak of MB also occurred simulta-
neously accompanying with the main desulfonation reaction with
the formation of intermediates with m/z¼ 270, 256, 241 and 198.
Besides, other minor reaction pathways of dedimethylation or
dedimethylamino reaction were also identified. For example, two
symmetrical dimethylaminos groups on thionine ring of m/z¼ 317
can be successively hydroxylated by replacement of dimethylamino
groups to produce m/z¼ 325, 341 and 357. The oxidation of imino-
group groups in central rings would be obtained by hydroxyl rad-
icals to form aniline and finally oxided to nitrate anions. Those
three degradation pathways were consistent with the bond disso-
ciation energy theory in the sequence of CeSþ¼C
(76 kcalmol�1)< CeN]C (87.4 kcal mol�1) <N(CH3)2eC6H5
(93.2 kcalmol�1)<H2NeC6H5 (10.2.6 kcalmol�1) (Huang et al.,
2010). The lower the bond dissociation energy was, the easier the
bond was broken. In our study CeSþ¼C was first to be attacked by
ROS rather than CeN mainly due to the strong interaction between
positive MB with negative GO carriers of b-FeOOH@GO.

A possible detailed degradation pathway for MB degradation in
b-FeOOH@GO þ H2O2þUV system was proposed in Scheme 1. The
desulfuration pathway of MB degradation, all newly identified
sulfoxide or sulphone intermediates formed by oxidation of
CeSþ¼C groups, desulfuration intermediates excepting m/z ¼ 270,
256, 242 and 199, and demethylation or dedimethylamino in-
termediates of MB were firstly reported in our study. The desulfo-
nation reaction was the predominant degradation pathway in our
b-FeOOH@GO þ H2O2þUV treatment, which was obviously
different with previous reports (Kuan et al., 2013; Wu et al., 2015;
Zhang et al., 2002). Kuan et al. mainly reported the formation of N-
demethylation intermediates such as Azure A (m/z¼ 256), Azure B
(m/z¼ 270), Azure C (m/z¼ 242) and phenothiazine (m/z¼ 199)
and inorganic nitrate anions as the important catalytic degradation
pathway when MB was decomposed in the MnO2 or MnO2/heating
systems (Kuan et al., 2013). Similar studies were also reported
elsewhere (Wu et al., 2015; Zhang et al., 2002). Huang et al. re-
ported five degradation intermediates of MB with m/z¼ 135, 108,
91, 82 and 69 analyzed by GC-MS, which were formed by rupturing
of thionine ring using the dielectric barrier discharge technique
(Huang et al., 2010). Batista et al. reported the demethylation in-
termediates analyzed with LC-MS with m/z¼ 270 (reducing one
eCH3) and hydroxylation intermediates on benzene rings with m/
z¼ 300 (adding one hydroxyl), 316 (adding two hydroxyls) and 332
(adding three hydroxyls) of MB degradation photocatalyzed by
CuO/SiO2 (Batista et al., 2008). One sulfoxide intermediate with the
rupturing of thionine ring with m/z¼ 303 was identified with LC-
MS when MB was photocatalyzed by TiO2 in water (Houas et al.,
2001). The by-products of MB detected using LC-MS and reaction
pathway proposed in previous work in literature are greatly
extended through TOF-SIMS surface analysis.

The oxidation of organic contaminants would change the
toxicity to living things (Andreozzi et al., 2006; Buser et al., 1999;
Chaabane et al., 2007). In this study, luminous bacteria (Vibrio
qinghaiensis), was used to evaluate the toxicity of MB and its
degradation intermediates, the results were described in Fig. S4.
The relatively luminosity intensity of MB was about 6.8% and
increased to 35.4% after 60min reaction, which reflected an
decreased toxicity of degradation intermediates with time. The
declined toxicity may accompany the improvement of biodegra-
dation of MB.

3.5.3. XPS analysis

The surface chemical states of iron, oxygen, nitrogen and carbon
elements of b-FeOOH@GO before and after photodegradation of MB
were conducted by XPS shown in Fig. 6. The photoelectron peaks
located at binding energies of 712.1, 532.1, and 286.5 eV were
assigned to the characteristic peaks of Fe 2p, O 1s, and C 1s of XPS
wide survey spectrum (black line), respectively. The binding energy
of N 1s is very sensitive to the chemical environment of nitrogen-
containing groups. The binding energy of N 1s in heterocylic ni-
trogen is 398e400 eV, for example 398.6eV in pyridine and 399.5 in
NeC bond. After degradation of MB, the peak of N 1s with binding
energy of 398.2 eV of b-FeOOH@GO appeared (red line) which
could be attributed to the presence of nitrogen functional groups. It
implied that some imidogen-containing degradation intermediates
of MB had been adsorbed on the surface of b-FeOOH@GO, which
was consistent with TOF-SIMS results. The binding energy of N 1s
was not shifting which implied MB adsorbed was exposing to the
catalytic active center through positive sulfur groups rather than
the eNMe2 groups so that it won't lead to N-demethylation reac-
tion to occur firstly or strongerly. The binding energy of S 2p
(161.5e163.1eV) or S 2s (227.5e232.4eV) was not observed. The
quick loss of sulfur from MB structure showed sulfur rather than
the imidogen groups were firstly attacked by ROS (Houas et al.,



Scheme 1. Proposed degradation pathway of MB in b-FeOOH@GO þ H2O2þUV system.

Fig. 6. XPS survey of catalyst before and after MB decolorization in b-
FeOOH@GO þ H2O2þUV system.
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2001; Yu and Chuang, 2007).
The surface iron species of b-FeOOH@GO can be splitted into

doublets of Fe 2p1/2: Fe 2p3/2. The intensity ratio of Fe2þ/Fe3þ was
changed from 51:49 before degradation to 57:43 after degradation
in Table 1. The efficient recycling of between surface Fe2þ and Fe3þ

species or efficient reduction from surface Fe3þ to Fe2þ of b-
FeOOH@GO effectively ensure the pretty well catalytic activity of b-
FeOOH@GO þ H2O2þUV system. For the O 1s line can be decon-
voluted into five peaks which were corresponding to lattice oxygen
atoms binding with Fe (FeeOlattice), lattice hydroxyl (FeeOHlattice),
surface adsorbed hydroxyl (FeeOHad), surface adsorbed water
(FeeH2Oad), and FeeOeC interaction bonds, respectively (Zhou
et al., 2010b). The new occurrence of FeeOeC bond in b-
FeOOH@GO further proves the formation of heterojunction be-
tween b-FeOOH and GO. The heterojunction of b-FeOOH@GO will
greatly mediate the physiochemical property and photocatalytic
performance. The decreasing intensity of surface adsorbed hy-
droxyl signal in catalytic active center after degradation suggested
that the hydroxyl groups took an active part in the degradation of
MB.
3.5.4. Catalytic mechanism
Fenton-like catalytic reaction might be mainly originated from

Fe2þ-mediated on the boundary of b-FeOOH nanoparticles rather
than Fe3þ-mediated. �OH and were proved as important ROS in
Fenton-like systems (Bissey et al., 2006; Ruales-Lonfat et al., 2015;
Smith et al., 2004). In this study, ERS trap technique was used to
identify the main ROS involved in b-FeOOH@GO þ H2O2þUV sys-
tem and the results were shown in Fig. 7. The characteristic peaks of
DMPO-OH, DMPO-OOH and TEMP-1O2 adducts were obviously
observed with the intensity increasing with the irradiation time
confirming the presence of �OH, and singlet oxygen (1O2).

�OH
radicals are well-known predominant radicals in Fenton reaction.
The DMPO-OOH spectra was in good agreement with previous
report confirming the formation of rather than (Bannister
and Bannister, 1985). The DMPO can trap to form DMPO-OOH
which is unstable directly breakdown to DMPO-OH adduct
(Bannister and Bannister, 1985). Usually, radicals can be formed
through one-electron transfer reduction of oxygen on the surface of
catalyst. While the ERS spectra of DMPO- adducts was not
observed either due to its short relaxation half-life or nonexistence



Table 1
Binding energy and atomic surface concentration of detected elements of b-FeOOH@GO.

Binding energy (eV)

Fe

2p3/2 2p1/2 O 1s C 1s N 1s

Before 710.9 726.3 529.8 531.1 532.4 533.3 534.2 284.6 0
After 710.6 726.3 529.7 531.1 532.3 533.2 534.1 284.6 398.2

Atomic mass surface concentration (%)
Fe O C N
Fe2þ Fe3þ Fe-OHads H2Oads eCeOeFe

Before 25.77 38.52 35.70 0
50.7% 49.3% 13.8% 24.4% 28.2% 19.9% 13.7%

After 22.11 37.43 38.96 1.50
57.3% 42.7% 15.6% 30.5% 26.3% 17.8% 9.8%

Fig. 7. ESR spectra of the DMPO-OH (A), DMPO-OOH (B) and TEMP-1O2 (C) adducts recorded in b-FeOOH@GO þ H2O2þUV system.
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(Bannister and Bannister,1985). It is interesting to find the presence
of 1O2 which was seldom reported in previous works (Bissey et al.,
2006; Ruales-Lonfat et al., 2015; Smith et al., 2004).

Accordingly, a possible main mechanism for degradation of MB
in b-FeOOH@GO þ H2O2þUV system was proposed: 1) the MB
molecule was adsorbed onto the catalyst through electrostatic
Scheme 2. Possible catalytic oxidation mechanism
interaction and p-p stacking; 2) �OH radicals produced by H2O2
activated with photoreduced Fe2þ on the surface of b-FeOOH@GO;
and 3) Adsorbed MB was attacked by �OH. The increased number of
accessible active sites and effective enrichment of MB around cat-
alytic center of b-FeOOH@GO was guaranteed by the introduction
of GO (Vinothkannan et al., 2015). The GO has strong interaction
of MB in b-FeOOH@GO þ H2O2þUV system.
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with b-FeOOH due to formation CeOeFe chemical bond in b-
FeOOH@GO which would cause charge redistribution at GO/b-
FeOOH interface. As super electronic acceptor and donor, GO can
easily capture the photogenic electrons (e�CBÞ from the conducting
band of semiconductors or LUMO energy of dyes. The captured e�CB
can quickly transfer from GO to the activated catalytic sites of b-
FeOOH due to this heterojunction of b-FeOOH@GO. The Fe3þ on the
surface of b-FeOOH@GO can be efficiently reduced to Fe2þ by
reacting with hn, H2O2 or e�CB on the surface of GO, which would
synergistically enhance the photo Fenton-like catalytic perfor-
mance of b-FeOOH@GO (Meng et al., 2013). The introduction of GO
greatly enhances transformation from Fe3þ to Fe2þ or recycling of
iron specie. The recycle of iron oxidation states or the bottleneck of
Fenton reaction could be speed up through this photo-assisted
Fenton-like reaction as following:

ðGO≡b� FeOOH represents the b� FeOOH@GOÞ

GO≡b� FeOOHþ hV/GO≡b� FeOOH
�
e�CB þ hþVB

�
(1)

The e�CB can be transferred from GO to GO≡b-FeOOHeFe3þ

GO≡b� FeOOH� Fe3þ þ e�CB/GO≡b� FeOOH� Fe2þ (2)

(3)

(4)

(5)

(6)

(7)

The possible photocatalytic mechanism of b-FeOOH@GO in
decolorizing MB was depicted in Scheme 2.
4. Conclusions

Fe2þ and Fe3þ a very common environmental redox couples.
Their redox reaction was linked with the formation of adsorbed
Fe2þ species on the surface of catalyst. The b-
FeOOH@GO þ H2O2þUV Fenton-like system would be a highly
efficient, artificially intensified physiochemical technology in
treating high concentration organic pollutants at broad pH range of
application. The MB degradation intermediates were fully identi-
fied through combining with TOF-SIMS and LC-MS, which was very
important for sewage treatment process upgrading. The toxicity of
the photocatalytic degradation intermediates of the MB samples
was much lower than that of parent compound, illustrating the
technology without producing more toxic intermediates of MB.
Hence, b-FeOOH@GO could be a promising bifunctional composite
either as adsorbent or as heterogeneous Fenton-like catalyst in
eliminating the environmental refractory pollutants and its relative
toxicity.
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