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Abstract A new method for the degradation of bisphenol A
(BPA) in aqueous solution was developed. The oxidative
degradation characteristics of BPA in a heterogeneous Fenton
reaction catalyzed by Fe;O4/graphite oxide (GO) were stud-
ied. Transmission electron microscopic images showed that
the Fe;O4 nanoparticles were evenly distributed and were
~6 nm in diameter. Experimental results suggested that BPA
conversion was affected by several factors, such as the loading
amount of Fe30,/GO, pH, and initial H,O, concentration. In
the system with 1.0 g L™ of Fe;0,/GO and 20 mmol L' of
H,0,, almost 90 % of BPA (20 mg L_l) was degraded within
6 h at pH 6.0. Based on the degradation products identified by
GC-MS, the degradation pathways of BPA were proposed. In
addition, the reused catalyst Fe;04/GO still retained its cata-
lytic activity after three cycles, indicating that Fe;0,/GO had
good stability and reusability. These results demonstrated that
the heterogeneous Fenton reaction catalyzed by Fe;04/GO is
a promising advanced oxidation technology for the treatment
of wastewater containing BPA.

Keywords Heterogeneous Fenton - Fe;0,/GO -
Nanocomposites - Bisphenol A - Degradation - Catalysis

Introduction

Bisphenol A (BPA; 2,2-bis-(4-hydroxy phenyl)-propane) is a
representative estrogen and an important industrial chemical
widely used as the monomer for producing polycarbonate
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plastics (Staples et al. 1998). As an additive or contaminant,
BPA can be detected in food (Noonan et al. 2011), water
(Klecka et al. 2009), paper (Liao and Kannan 2011), and
plastic products (Oehlmann et al. 2008). BPA shows the
effects of estrogen on gene imprinting and sexual differentia-
tion when accumulated in the human body (Vandenberg et al.
2009). BPA degradation naturally requires more than 90 years,
which means that the pollution resulting from BPA or other
chemicals with a similar structure can last for several decades
once released into water or soil (Vandenberg et al. 2009).
Therefore, effective techniques of removing BPA from the
environment must be developed.

Several methods have been developed for the removal of
BPA from aqueous solution, and the most common ap-
proaches are biodegradation and adsorption. Biodegradation,
which is widely used in the industrial scale, takes several
weeks or more to complete. Meanwhile, adsorption has the
advantages of high removal efficiency and short cycle of the
adsorption process, but this method is accompanied by com-
plex desorption. Thus, rapid and efficient treatment processes
must be developed for BPA removal.

Advanced oxidation processes (AOPs) can be used to
effectively degrade recalcitrant and toxic compounds found
in air, water, and wastewater (Giiltekin and Ince 2007). The
Fenton process is an AOP that has the unique advantages of
high degradation efficiency, simple operation, mild reaction
conditions, environmental friendliness, and low cost (Arnold
etal. 1995; Zhao and Hu 2008). This process has been proven
to be one of the most effective methods of degrading organic
pollutants in wastewater. The classical Fenton reagent consists
of a homogeneous solution of iron ions and hydrogen perox-
ide (H,0,). Studies on BPA degradation by the traditional
Fenton reaction are shown in Table 1 (Ioan et al. 2007; Kim
et al. 2008; Mohapatra et al. 2011). Despite the advantage of
the Fenton reaction, it is efficient only at low pH (pH<4) and
rather inefficient within the pH range of most natural waters
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Final products/intermediate Reference

Removal efficiency

Initial pH  Method

Concentration of BPA

H,0, dose

Table 1 Comparison of BPA degradation by Fenton and Fenton-like methods

Catalyst and dose
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Ioan et al. (2007)
Kim et al. (2008)

Not involved

~86.36 % in 10 min

Traditional Fenton reaction

25mg L'

7mg L

FeSO47H,0 2.5 mg L™

Final products p-benzoquinone;

~100 % in 50 min

Traditional Fenton reaction

35

2mgL™!

20 pmol L™}

Fe(II)-TsPc 4.1 pmol L™

4-isopropenyl phenol;
BPA-o0-quinone;

4-hydroxyphenyl-2-propanol

Kim et al. (2008)

~10 % in 120 min

54 Traditional Fenton reaction

2mgL™!

20 pmol L™}

Fe(II)-TsPc 4.1 pmol L™

Intermediate 3-hydroxybisphenol ~ Mohapatra et al. (2011)

~82.7 % in 180 min

Sono-Fenton

285 ugg !

Without HzOz

Fe’"9.75x107°g g ' SS

A; hydroquinone;

4-hydroxyacetophenone

(pH 5-9). Another drawback of the homogeneous Fenton
process is that it easily produces iron sludge (pH 5-9), which
is difficult to remove after treatment. To overcome these
problems, heterogeneous catalysts including zero-valent iron
(Stieber et al. 2011), iron-based clays (Navalon et al. 2010),
iron-containing materials (Luo et al. 2010), and iron oxide
minerals (Ortiz de la Plata et al. 2010) have been increasingly
developed.

In recent years, different iron oxides and iron hydroxides
such as hematite, x-FeOOH, and [3-FeOOH have been stud-
ied as heterogeneous catalysts for the Fenton reaction (Chou
and Huang 1999; Feng et al. 2003; Zhao and Hu 2008). The
heterogeneous Fenton catalyst can efficiently destroy organic
pollutants within a wider pH range with much less iron loss
than the homogeneous Fenton reaction. For heterogeneous
processes, the main oxidation reactions occur at the solid—
liquid interface, where the iron substantially remains in the
solid phase either as a mineral or as an adsorbed ion. However,
many of these systems do not show favorable catalytic activity
(Kwan and Voelker 2003), particularly due to the inefficiency
of Fe*" in catalyzing the generation of -OH from H,O,. In this
regard, an inverse spinel Fe;O4 has been used as a catalyst in
the heterogeneous Fenton process because Fe*™ in Fe;04
plays an important role in the initiation of the Fenton reaction
according to the classical Haber—Weiss mechanism (Costa
et al. 2006). Moreover, the octahedral site in the magnetite
structure can easily accommodate both Fe?" and Fe*”,
allowing the Fe species to be reversibly oxidized and reduced
while maintaining the same structure (Costa et al. 2006). Thus,
Fe;04 can continuously function as a heterogeneous catalyst
without substantial loss of its mass. Magnetite can also be
easily separated from the reaction medium using an external
magnetic field.

Fe;0,4 immobilized on solid supports is another type of
promising heterogeneous catalysts that is recently gaining
attention. The supports can be organic or inorganic materials,
such as activated carbon (Nguyen et al. 2011), multiwalled
carbon nanotubes (Hu et al. 2011), hydroxyapatite (Yang et al.
2010), mesostructured silica (Aliyan et al. 2013), etc. Nguyen
et al. (2011) used Fe;O4-activated carbons as catalysts for
degrading the methyl orange. The catalyst showed good cat-
alytic performance with degradation as high as 90 %. How-
ever, considerable iron leaching from the support leads to a
progressive deactivation in consecutive reaction cycles. Nota-
bly, organic supports cannot withstand the attack of -OH and
lack sufficient mechanical strength in general.

Graphene oxide (GO) is attracting attention because of its
unique properties, such as large specific surface area, chemical
stability, and superior mechanical strength. The hydrophobic
surfaces of GO enable it to have strong interactions with
organic chemicals. GO is also an effective adsorbent for
organic chemicals in water treatment compared with octadecyl
adsorbent (C18) and activated carbon (Pan and Xing 2008).
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Thus, the stability and adsorption property of GO make it a
better support than other kinds of materials.

In the present study, GO-supported Fe;0, catalysts were
prepared by in situ growth. For the first time, Fe;0,/GO
catalyst was used in a Fenton reaction to adsorb and degrade
trace amounts of the environmental hormone BPA in water.
Fe;04/GO was found to be highly effective for BPA degrada-
tion within a wide pH range and exhibited excellent long-term
stability in the presence of H,O,. The possible catalytic mech-
anism was also discussed.

Experimental
Chemicals

GO was prepared from natural graphite using a modified
Hummers’ method (Hummers and Offeman 1958). Fe(acac);
(99.9 % purity), octylamine (99 %), and BPA (99 %) were
purchased from Sigma—Aldrich. Octanol and H,O,
(>30 wt%) were obtained from Nanjing Chemical Reagent
Co., Ltd. (Nanjing, China). Methanol was obtained from
Tedia (USA). The water employed was deionized. All re-
agents were analytical grade and used without further purifi-
cation. Stock solution was prepared by dissolving desired
amount of BPA into methanol (10 %) in brown volumetric
flask and stored at 4 °C. Working solutions were followed by
diluting a stock solution with methanol (10 %) to desired
concentrations.

Synthesis and characterization of Fe;04/GO nanocomposites

In a typical synthesis of Fe;O4 nanoparticles anchored onto
GO, Fe(acac); (0.3532 g) and GO (0.1766 g) were dissolved
in a mixture of octylamine (10.0 mL) and octanol (24.0 mL).
The solution was transferred into a Teflon-lined autoclave,
which was sealed and heated to 110 °C for 1 h to remove trace
oxygen and moisture. The temperature was increased and
maintained at 240 °C for 2 h in an atmosphere furnace. After
the reaction, the autoclave was cooled to room temperature,
and 30 mL of ethanol was added to the resulting black mix-
ture. A black material was precipitated and separated using a
commercial magnet, washed with ethanol several times, and
dried to finally obtain Fe;0,4/GO nanocomposites.

A transmission electron microscope (TEM, H-800) was
used to observe the morphological characteristics of the
Fe;04/GO nanocomposites. The X-ray diffraction (XRD,
Rigaku D/MAX-2400) was used to analyze the crystal struc-
ture of the Fe;04/GO nanocomposites with Ni-filtered Cu Ko
radiation operated at 40 kV and 100 mA in the range of 26=
20-80°. The vibrating sample magnetometry (VSM,
LAKESHORE-7304) was used to assess the magnetic prop-
erty at room temperature.

Degradation of BPA by heterogeneous Fenton experiments

A BPA of 50 mL (20 mg L") aqueous solution was prepared
as above with the addition of required amount of Fe;0,/GO
nanocomposites (1 g L") and H,O, (10 mmol L™"). The
mixture was mechanically stirred at 150 rpm and 25 °C.

For each oxidation reaction, the suspension solution was
clarified quickly by an outer strong permanent magnet at the
selected reaction time. The aqueous phase was sampled for
analysis. In addition, control experiments and the effects of
pH, initial H,O, concentration, and Fe;0,/GO nanocompos-
ites loading on BPA degradation were carried out according to
the same steps as above.

Analyses

The samples were analyzed by high-performance liquid chro-
matography (HPLC; Agilent, USA 1220) with a C18 reversed
phase column (Eclipse Plus C18 4.6 mmx150 mm, 5-pum
particles, Agilent, USA) and a UV detector. The measurement
was performed in a methanol/water (=70:30, v/v) as a mobile
phase with a flow rate of I mL min~' and a detection wave-
length of 278 nm. A GC-MS (Agilent 5975) was used for
separation and detection of the intermediate products. The GC
was equipped with an HP-5 capillary column (30 m*0.25 mm
i.d.) in helium carrier gas. Total organic content (TOC) present
in the samples was determined using a Multi N/C 2100
analyzer (Analytik Jena, Germany). To measure the content
of iron, Fe;0,4/GO was treated with concentrated nitric acid,
and the resulting solution was subject to ICP-AES analysis
(Thermo iCAP 6300).

Results and discussion
Characterization of Fe;0,/GO nanocomposites

The morphology of Fe;0,4 nanoparticles on GO was examined
by TEM under different magnifications (Fig. 1). The Fe;0,4
nanoparticles adhering on Fe;0,/GO was homogeneously
dispersed on the surface of GO. The Fe;0,4 nanoparticles were
highly uniform and ~6 nm in diameter.

XRD was used to identify the specific nanoparticles an-
chored onto the surface of GO. Compared with pure Fe;O4
nanoparticles, the reflections of (220), (311), (400), (511), and
(440) by both Fe;0,/GO nanocomposites were exactly the
same as that of pure Fe;04 nanoparticles (JCPDS card no. 19—
0629). Therefore, Fe;04 nanoparticles were successfully de-
posited onto the surface of GO.

The magnetic property of the Fe;0,/GO nanocomposites is
in Fig. 2. The saturation magnetization was found to be
17.54 emu g ', and the samples exhibited supraparamagnetic
behavior at room temperature with no coercivity and
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Fig. 1 TEM images of Fe;0,4/
GO under different
magnifications

remanence. As shown in the inset of Fig. 2, vial (a) contained
Fe3;04/GO nanocomposites dispersed in ethanol, and vial (b)
contained the same content of vial (a) but was closely
approached by a commercial magnet. Thus, the Fe;0,/GO
nanocomposites were effectively separated from the ethanol
solution. Therefore, Fe;O4 nanoparticles were successfully
attached onto the GO, and the iron content of Fe;04/GO
was 22.6 % (w/w).

BPA degradation in different catalytic systems

To investigate the catalytic activity of Fe;0,/GO nanocom-
posites for the heterogeneous Fenton degradation of BPA, a
series of contrast experiments was carried out. As shown in
Fig. 3, the concentration of BPA did not obviously decrease in
the presence of Fe;O,4 alone. This finding indicated that BPA
hardly adsorbed on the Fe;0,4 surface because the removal of
BPA from the Fe;0,4 system mainly depended on the adsorp-
tion on Fe;04. The low adsorption may be ascribed to the fact
that BPA is a hydrophobic compound, whereas the Fe;O,
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Fig. 2 Magnetic hysteresis curve of Fe;0,/GO nanocomposites. The

inset demonstrates Fe;04/GO dispersed in ethanol (a) and separated from
ethanol with a magnet (b)
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surface is hydrophilic. Similarly, no significant decrease in
the BPA concentration was observed in the H,O, system,
which can be ascribed to the weaker oxidation potential of
H,0, than those of hydroxyl and perhydroxyl radicals (Hu
etal. 2011). Less than 10 % degradation of BPA was observed
in the Fe30,4/H,0, system, which can be attributed to the slow
reaction between Fe(Il) on the Fe;O4 surface and H,O, under
near neutral pH condition, as well as to the insufficient -OH
radical generation. The high generation rate of -OH radicals
shown in Eq. 1 was obtained only under an acidic pH condi-
tion (De Laat and Gallard 1999). Moreover, the insufficient
-OH radicals were easily scavenged by H,0, (Eq. 2) (Perez
et al. 2002); consequently, the generated ‘OH radicals were
insufficient to diffuse into the bulk solution to degrade BPA.
The low BPA adsorption onto the Fe;0, surface also led to its
difficult degradation.

Fe(II) + H,0,—Fe(Ill) + *OH + OH m
*OH + H,0,—+00H + H,0 @
100- 4

e
1 —m— FesOa
80- k o H202
N —a— Fe304/H202
) \ i v Fe304/GO
604 —<4— Fe304/GO/H202
é % | o —~—
< s TTT—— T r——
& 40-
<
20 TT—————
——
0 T T T v 5 v i ) Y ) :
0 2 4 6 8 10 "
Time (h)

Fig. 3 BPA degradation in different systems (BPA, 20 mg L™'; H,0,,
10 mmol L™"; Fe;04, 1.0 g L'; Fe;0,/GO, 1.0 L™'; pH 6.0)
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Compared with the Fe;04/H,0, system, the Fes04/GO
system showed more effective BPA degradation. Approximate-
ly 50 % of BPA was degraded after 12 h in the Fe;0,/GO
system because of adsorption onto the Fe;0,/GO surface, i.c.,
the removal of BPA in the Fe;0,/GO system mainly depended
on the adsorption on Fe;0,/GO. However, rapid degradation of
BPA (>85 % BPA in 12 h) was achieved in the Fe;0,/GO/
H,0, system catalyzed by Fe;0,/GO with initial parameters of
pH 6.0, 1.0 g/L catalyst, and 10 mmol L! H,0,.

To demonstrate that the degradation of BPA by Fe;O4/GO
and Fe;04/GO/H,0, was due to adsorption onto the Fe;0y4/
GO surface, a BPA-desorption experiment was performed in
the Fe;04/GO and Fe;04/GO/H,0, catalytic systems. As
shown in Fig. 4, about 85 and 55 % BPA were desorbed in
the Fe;0,4/GO and Fe;04/GO/H,0, systems, respectively.
This finding demonstrated that the degradation of BPA by
Fe304/GO occurred because of adsorption on the Fe;0,/GO
surface. However, only 55 % of BPA was desorbed in the
Fe;04/GO/H,0, system, indicating that some BPA molecules
were degraded into other products. This enhancement can be
attributed to the fact that the performance of Fe;0,/GO was
due to the small diameter and regular size of the particles. As
shown in Fig. 3, Fe;04/GO reached equilibrium in about 2 h.
To better understand the degradation process, the factors af-
fecting degradation in the aspect of adsorption for 2 h were
determined through degradation experiments.

Experimental factors affecting Fenton catalysis

Effect of pH

Figure 5 shows that pH crucially influenced the removal of
BPA with Fe;04/GO by the Fenton reaction. Experiments
were conducted at pH 2.0, 4.0, 6.0, and 8.0. Results showed
that the degradation of BPA was >85 % in 4 h at pH 2.0. The

100+

o = Fe304/GO
o [e304/GO/H202

0 2 4 6 8 10 12
Time (h)

Fig. 4 Desorption kinetics of BPA in the Fe;0,/GO and Fe;04/GO/
H,0, systems (adsorbent, 1 g LY pH 6.0; NaOH, 0.1 mol LY

100+ ;
80 \ : —=—pH 8.0
L - s Theo
N = A
L = N P L
40~ NN v pH2.0 =
i\
—_ L ]
s A\
AN
< v \el
& A
2 204 R~
v e
e S —
v v —A
v
0 T l T L) L) T T
-2 0 2 4 6 8 10
Time (h)

Fig. 5 Effect of pH on BPA degradation (BPA, 20 mg L™'; H,0,,
10 mmol L™'; Fe;04/GO, 1.0 g L™

reaction efficiency of the heterogeneous Fenton process
reached the highest at around pH 2.0 and decreased with
increased pH. In homogenous systems, pH~=3 is known to
be the optimum value for organic pollutant degradation by
H,0,/Fe*" (Amold et al. 1995). The Harber-Weiss circle
indicates that the generation of -OH from H,O, is the key step
in the entire degradation process. The production of -OH on
the surface of Fe;0,/GO was gradually restricted with in-
creased pH, which resulted in a slow degradation rate of BPA.

The formation of radicals from H,O, and iron oxides has
been previously proposed (Lin and Gurol 1998). The mecha-
nism underlying H,O, activation by Fe;0,/GO may involve
the initial formation of a complex by ligand displacement
between the hydrous surface of Fe(Il)-H,O and H,0,, being
assigned as Fe(II)-H,O, (Eq. 3), where Fe(Il)-H,O stands for
Fe(x) sites on the hydrous catalyst surface. The initially
generated Fe(I)-H,O, species can produce ‘OH by intramo-
lecular electron transfer, and ‘OH can readily degrade and
mineralize BPA (Egs. 4 and 5).

Fe(Il) Hy0 + H,0,—Fe(Il) H,0, (3)
Fe(IT) HyOy—Fe(IM) + «OH + OH™ (4)
*OH + BPA—...CO, + H,0 (5)

The generated Fe(Il) subsequently produces -OH (Egs. 3, 4,
and 5). Although ‘OH can be produced from H,O, when
either Fe(II) or Fe(IlI) is present, the generation rates are much
slower in the latter case (De Laat and Gallard 1999; Kwan and
Voelker 2002). Compared with the other iron oxides, magne-
tite (Fe304) remained as the most effective catalyst (Kong
et al. 1998) possibly because it was the only one with Fe(II)
in its structure, which may enhance the production rate of -OH
(Kwan and Voelker 2002).
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Fig. 6 Effect of H,O, dosage on BPA degradation (BPA, 20 mg L™';
Fe;04/GO, 1.0 g L; pH 6.0)

Effect of H>O, dosage on BRA degradation

The oxidation of BPA over 1.0 g L' Fe;0,/GO at pH 6.0 and
different H,O, concentrations was also investigated, and the
results are shown in Fig. 6. The degradation percentage of
BPA increased from 82.7 to 88.4 % with increased H,O,
concentration from 5.0 to 30.0 mmol L™'. Given that BPA
degradation is directly related to the concentration of the -OH
produced by the catalytic decomposition of H,O,, more BPA
decomposition is expected with a higher increase in H,O,
concentration. However, a significant improvement was not
observed at higher H>O, concentrations (20.0 mmol L") after
6 h. Moreover, BPA degradation significantly decreased at an
excessive H,O, concentration of 30.0 mmol L.

The maximum H,O, concentration for the effective degra-
dation of BPA can be explained by the scavenging effect of
‘OH by H,0, (Xue et al. 2009). At a much higher H,O,
concentration, a competitive reaction existed between BPA

1004 :
R
80 \ . —a—05g/L
60 e e 10gL
RN A 20gL
402 L Z
AN Iy
\» AN
Q AN
< \\ Su
E ~ ) T
2 20 . — .
— o
0 L] l T T L) T L
-2 0 2 4 6 8 10

Time (h)

Fig. 7 Effect of catalyst loading on BPA degradation (BPA, 20 mg L™";
H,0,, 10 mmol L™'; pH 6.0)
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Fig. 8 %TOCemoval Vs. time in the degradation of BPA (BPA,
20 mg L™'; H,0,, 10 mmol L™'; pH 6.0)

and H,0,. ‘OH reacted with H,O, to produce hydroperoxy
(*OOH) and superoxide anion (O,") according to the follow-
ing equations (Eqgs. 6 and 7):

*OH + H,0,—+O0H + H,O (6)

«OOH«——0,+" + H" (pKa 4.8) (7)

Effect of catalyst loading on BPA degradation

The influence of catalyst loading on the heterogeneous Fenton
degradation of BPA by Fe;0,/GO was investigated at differ-
ent catalyst loadings (0.5, 1.0, and 2.0 g L™"). As shown in
Fig. 7, the degradation efficiency of BPA increased from 81.7
to 85.0 % with increased Fe;04/GO loading from 0.5 to
1.0 g L™ at 10 mmol L' H,0, after 10 h of reaction. This

100 :
80+ -\ = first cycle
60 '\ . #— second cycle
e —a— thir
a0} 4:.\‘\\ third cycle 4
F \a
- L\
S S\
p \_
a ¥
@ 204 —a
—.— S—
A
01— r T r r r r
-2 0 2 4 6 8 10

Time (h)
Fig. 9 Catalytic activity of reused Fe;0,/GO nanocomposites on BPA
degradation (BPA, 20 mg L'; Fe;0,/GO, 1.0 g L™ '; H,0,, 10 mmol L™/;
pH 6.0)
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Fig. 10 GC-MS chromatograms of sample solution after degradation.
Peak numbers correspond to those listed in Table 2. Other peaks are
unidentified compounds and contaminants

finding was due to the increased amount of active sites for the
formation of ‘OH and may be equally important for BPA
adsorption. However, with increased catalyst dosage of up to
2.0 g L', the BPA degradation efficiency did not obviously
increase because the excessive catalysts were hydroxyl radical
scavengers (Eq. 8) that reduced the amount of generated -OH
(Malik 2004; Neyens and Baeyens 2003).

Fe(Il) + *OH«——Fe(Ill) + OH" (8)
Mineralization of BPA

The results displayed in Fig. 8 show the removal efficiencies
of TOC and BPA. In the initial stage of 15 min, the TOC,¢oval

Table 2 Mass spectra data of intermediate products

yield presented a very similar behavior to the degradation of
BPA. The rate of TOC,¢oval Was then lower than that of BPA
degradation after 15 min, the maximum of TOC, ¢povar Was
64.7 % while that of BPA removal was nearly 85 %.

Reusability of Fe;0,/GO nanocomposites

Reusability is an important factor affecting catalyst applica-
tion from an economic perspective. Figure 9 shows BPA
degradation in a heterogeneous Fenton reaction catalyzed by
Fe;04/GO nanocomposites after three recycles. The reused
catalyst Fe30,4/GO nanocomposites were found to retain their
catalytic activity as efficiently as in the first cycle, and >80 %
BPA was degraded in the third run. These results demonstrated
that Fe;0,/GO nanocomposites as a catalyst had good stabil-
ity and reusability.

Some catalysts with high efficiency in BPA degradation
have been previously reported, including Au/carbon (Yang
et al. 2013) and Fe;04 magnetic nanoparticles (Huang
et al. 2012). However, these catalysts are often expensive
and immediately lose catalytic activity. Fe;04/GO nano-
composites can overcome these drawbacks and, as hetero-
geneous catalysts, exhibit higher catalytic activity in BPA
degradation than the Fe;04, H,0,, Fe;04/H,0,, and
Fe;04/GO reactions (Fig. 3). Therefore, Fe;04/GO nano-
composites may be a promising heterogeneous catalyst
that can be used to remove BPA from wastewater because
of their high efficiency and reusability.

Peak no. Retention Molecular Molecular Structure
time (min) weight
1 2.6 110 HO—@OH
2 2.8 126 \=<
H3C\
(0)
3 3.7 140
HO H
4 3.9 134 o C H3
\CHz
H3
5 4.1 136 HO O <C
O
6 14.5 228

o~ OO

Peak numbers correspond to those in Fig. 10
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Identification of products and reaction mechanism

Six products were identified by GC—MS and assigned as
products 1-6 (Fig. 10). Except for product 3, the other prod-
ucts were tentatively identified by comparing with identified
products from the degradation reported in the literature be-
cause of the lack of authentic standards. The mass spectrum of
BPA was used as a reference to interpret the fragmentation
pattern of the products. Table 2 exhibits the mass spectra data
of all products, including the molecular structures and char-
acteristic fragment ions. Products 1-6 were identified as p-
hydroquinone, 2-hexene,2,5,5-trimethyl, 2-methoxy,1,4-
benzenediol, 4-isopropenylphenol, 4’-hydroxyacetophenone,
and BPA, respectively. The percentage of the sum of the five
intermediate products and remaining BPA concentrations to
the initial BPA one was lower for the heterogeneous Fenton
process after 10 h. The remaining percentage can be attributed
to the presence of unidentified intermediates, analytical error,
and/or loss of intermediates during the analytical process.
Based on the intermediate products listed in Table 2 and the
results obtained by other researchers (Guo et al. 2009), the
possible degradation pathway for BPA is proposed in Scheme 1.
In the initial oxidation reaction, 4-isopropylphenol and p-

@\@

-OH
Aromatic ring opened products
-OH
| Q
— CHs
¥< HsC )I\O AN
2*
-OH
CO2 H20

Scheme 1 Proposed reaction pathways of BPA degradation; /—6* cor-
respond to those in Table 2
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hydroquinone were formed in the cleavage of phenyl groups in
BPA by the attack of ‘OH radicals. An oxidative ring-opening
reaction at the level of C—C bonds between adjacent hydroxyl or
ketone groups led to the formation of aliphatic compounds
(Hong and Zeng 2002; Wu et al. 2001), followed by the evolu-
tion of CO, gas.

Conclusions

A novel heterogeneous Fenton catalyst, Fe;04/GO, was
successfully prepared by the in situ growth of Fe;O4 nano-
particles on GO surface. The adsorption of BPA onto Fe;O4/
GO was studied, and Fe;0,/GO was found to have a high
ability for the adsorption of trace BPA in aqueous solution.
Fe304/GO can be used as an efficient heterogeneous catalyst
to adsorb and degrade trace BPA in aqueous solution by a
heterogeneous Fenton reaction. The degradation process
mainly occurred on the catalyst surface. The enhanced cat-
alytic activity of Fe;04/GO in the heterogeneous Fenton
system caused by the positive effect of GO through the
adsorption of trace pollutant molecules facilitated degrada-
tion. Five kinds of intermediate products of BPA were also
identified during the heterogeneous Fenton process. The
degradation pathway of BPA was proposed based on the
identified by-products. The novel catalyst has many poten-
tial applications because of its good structural stability, sim-
ple separation, stable catalytic activity in a repetitive reaction
cycle, and reusability.
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