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a b s t r a c t

Metal oxides are often anchored to graphene materials to achieve greater contaminant removal effi-
ciency. To date, the enhanced performance has mainly been attributed to the role of graphene materials
as a conductor for electron transfer. Herein, we report a new mechanism via which graphene materials
enhance oxidation of organic contaminants by metal oxides. Specifically, Mn3O4erGO nanocomposites
(Mn3O4 nanoparticles anchored to reduced graphene oxide (rGO) nanosheets) enhanced oxidation of 1-
naphthylamine (used here as a reaction probe) compared to bare Mn3O4. Spectroscopic analyses (X-ray
photoelectron spectroscopy and Fourier transform infrared spectroscopy) show that the rGO component
of Mn3O4erGO was further reduced during the oxidation of 1-naphthylamine, although rGO reduction
was not the result of direct interaction with 1-naphthylamine. We postulate that rGO improved the
oxidation efficiency of anchored Mn3O4 by re-oxidizing Mn(II) formed from the reaction between Mn3O4

and 1-naphthylamine, thereby regenerating the surface-associated oxidant Mn(III). The proposed role of
rGO was verified by separate experiments demonstrating its ability to oxidize dissolved Mn(II) to Mn(III),
which subsequently can oxidize 1-naphthylamine. The role of dissolved oxygen in re-oxidizing Mn(II)
was ruled out by anoxic (N2-purged) control experiments showing similar results as O2-sparged tests.
Opposite pH effects on the oxidation efficiency of Mn3O4erGO versus bare Mn3O4 were also observed,
corroborating the proposed mechanism because higher pH facilitates oxidation of surface-associated
Mn(II) even though it lowers the oxidation potential of Mn3O4. Overall, these findings may guide the
development of novel metal oxideegraphene nanocomposites for contaminant removal.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene-based nanocomposites are a new class of nano-
materials with great potential for removing water and wastewater
pollutants (Chandra et al., 2010; Chang and Wu, 2013; Kemp et al.,
2013; Lowry et al., 2012; Shen et al., 2015; Wan et al., 2012). A
variety of metal oxide nanoparticles, including TiO2, MnOx, SnO2,
Cu2O, and FeOx, can be anchored to graphene materials, to develop
effective sorbents or catalysts (Chen et al., 2012a; Georgakilas et al.,
. Chen), alvarez@rice.edu
2012; Shen et al., 2015). These graphene-based nanocomposites
often exhibit enhanced sorptive, catalytic or photocatalytic per-
formance, compared with the respective bare metal oxide nano-
particles (Chandra et al., 2010; Fu et al., 2014; Leary andWestwood,
2011; Shen et al., 2015; Xu et al., 2015; Zhang et al., 2010). For
example, a TiO2�graphene nanocomposite was reported to exhibit
much higher photocatalytic activity and stability in the degradation
of benzene than bare TiO2 (Zhang et al., 2010). Recently, it was
reported that a MnOx�graphene nanocomposite achieved over 90%
removal of elemental Hg in flue gas, compared with a 50% removal
by bare MnOx (Xu et al., 2015).

A number of studies have been devoted to understand the
mechanisms via which graphene oxide (GO) or reduced GO (rGO)
enhances the performance of graphene-based nanocomposites in
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contaminant removal (Appavoo et al., 2014; Chandra et al., 2010; Fu
et al., 2014; Gupta et al., 2014; Leary and Westwood, 2011; Li et al.,
2015; Lindfors et al., 2013; Liu et al., 2016; Pastrana-Martínez et al.,
2015; Shen et al., 2015; Upadhyay et al., 2014; Wang et al., 2016; Xu
et al., 2015; Yao et al., 2013; Zhang et al., 2010). The commonly
accepted mechanisms include: a) graphene sheets can restrain
aggregation of metal oxides, rendering better dispersion and thus,
larger effective surface areas of the anchored metal oxide (Appavoo
et al., 2014; Chandra et al., 2010; Fu et al., 2014; Gupta et al., 2014; Li
et al., 2015; Liu et al., 2016; Shen et al., 2015; Upadhyay et al., 2014;
Wang et al., 2016; Yao et al., 2013); b) graphene materials can
enhance the adsorption of organic pollutants to the catalysts (Fu
et al., 2014; Leary and Westwood, 2011; Li et al., 2015; Liu et al.,
2016; Pastrana-Martínez et al., 2015; Shen et al., 2015; Upadhyay
et al., 2014; Xu et al., 2015; Zhang et al., 2010); and perhaps most
importantly, c) graphene materials serve as a conductor for the
electron transfer during the transformation of contaminants
(Appavoo et al., 2014; Gupta et al., 2014; Leary and Westwood,
2011; Lindfors et al., 2013; Shen et al., 2015; Upadhyay et al.,
2014; Xu et al., 2015; Yao et al., 2013; Zhang et al., 2010). It is
important to note that GO contains abundant surface O-functional
groups that are redox active; even rGO may contain substantial
amounts of epoxy, phenolic, carbonyl, and carboxyl groups (Chen
et al., 2012a; Georgakilas et al., 2012; Krishnamoorthy et al.,
2013; Pei and Cheng, 2012). These surface O-functionalities may
participate directly in redox reactions (Dreyer et al., 2010; Fan et al.,
2010; Han et al., 2014; Jia et al., 2011; Pyun, 2011; Su and Loh, 2012;
Sun et al., 2012). For instance, GO can effectively oxidize alcohols,
and these reactions can take place under anaerobic conditions
(Dreyer et al., 2010). Moreover, GO can easily react with metal ions
and metal oxides (Fan et al., 2010; Han et al., 2014; Pei and Cheng,
2012). Thus, we hypothesize that when incorporated with metal
oxide nanomaterials, GO/rGO may also participate in the oxidation
reactions of organic contaminants as an oxidant, either by reacting
directly with organic molecules or by affecting the redox states of
metal oxides. Consequently, certain synergistic effects may be
achieved when using GO/rGO to improve the oxidation efficiency of
metal oxide nanomaterials. To date, this potentially important role
of GO/rGO has not been directly investigated.

This study addresses the role(s) of graphene materials in the
oxidative reactions of environmental contaminants by metal oxi-
deegraphene nanocomposites. The oxidative transformation of 1-
naphthylamine by Mn3O4�rGO nanocomposites was selected as
the test reaction, because the reaction mechanisms of 1-
naphthylamine by MnOx have been well studied (Laha and Luthy,
1990; Li and Lee, 1999; Li et al., 2003), making 1-naphthylamine a
convenient reaction probe. Moreover, 1-naphthylamine is widely
used as an intermediate in the synthesis of dyes, antioxidants,
herbicides, and drugs, and is frequently detected in the environ-
ment (Li and Lee, 1999; Li et al., 2003). The role of rGO in the
oxidative transformation of 1-naphthylamine by Mn3O4�rGO
nanocomposites was analyzed based on reaction kinetics compar-
isons with bare Mn3O4, and various spectroscopic analyses. Sup-
plementary experiments that examine the oxidation of 1-
naphthylamine in systems containing Mn(II) and different rGO
materials, as well as effects of dissolved O2 and pH on reaction ki-
netics were conducted to further understand the mechanistic role
of rGO in the transformation of 1-naphthylamine by Mn3O4�rGO
nanocomposites.

2. Materials and methods

2.1. Materials

Graphene oxide was synthesized using graphite powder
(Sigma�Aldrich, U.S.) using a modified Hummers method (Zhang
et al., 2015). Three Mn3O4�rGO composites containing different
mass of Mn3O4 were synthesized by modifying methods reported
in the literature (Li et al., 2013; Nam et al., 2013). First, 10 mL of a
homogeneous 10mg/mL GO suspensionwas added to a beaker, and
0.1e0.4 g MnCl2 and 0.2 g NaOH were added slowly to the sus-
pension and stirred at 25 �C for 2 h. Then, the precipitate in the
solution was collected by centrifugation and washed repeatedly
with deionized water until pH was nearly neutral. After that, the
precipitate was heated at 350 �C for 2 h in the air and the final
product (in the form of black powder) was obtained. The as-
synthesized samples were referred as 45-Mn3O4�rGO, 58-
Mn3O4�rGO and 75-Mn3O4�rGO, on the basis of mass fraction of
Mn3O4 in the Mn3O4�rGO nanocomposite. The product 75-
Mn3O4�rGO (mass fraction of Mn3O4 was 75%) was used as the
main Mn3O4�rGO nanocomposite in all the experiments, whereas
45-Mn3O4�rGO and 58-Mn3O4�rGO (containing 45% and 58%
Mn3O4, respectively) were used in the reaction kinetics experi-
ments to examine the effect of Mn3O4 loading on the reactivity of
Mn3O4�rGO.

Two additional products resembling the Mn3O4 and rGO com-
ponents of Mn3O4�rGO were also synthesized, each using the
above mentioned procedures but without adding GO or MnCl2 and
NaOH, respectively. These two products are referred to as bare
Mn3O4 and bare rGO hereafter. Additionally, to further understand
the role of the rGO component in the reaction of 1-naphthylamine,
a more completely reduced rGOwas obtained by reducing bare rGO
with N2H4. This product is referred to as rGO-N2H4. The detailed
procedures used to synthesize these supplementary products are
described in the Supplementary Data.

1-Naphthylamine (99.9%, Sigma�Aldrich, U.S.) was used as
received. Stock solution of 1-naphthylamine was prepared in
methanol and stored in the dark at �20 �C. Glass optical fibers
coated with polyacrylate (PA fiber; thickness 35 mm; volume
15.4 mL/m) were purchased from Polymicro Technologies (U.S.).

2.2. Material characterization

The Mn3O4 content of the Mn3O4�rGO nanocomposites was
analyzed by thermogravimetric analysis (NETZSCH STA 409PC,
Germany) (Fig. S1). X-ray diffraction (XRD) analysis was performed
using an X-ray diffractometer (Rigaku D/max-2500, Japan) (Fig. S2).
Morphology and structures of the materials were examined using
scanning electron microscopy (SEM) (Hitachi S-3500N, Japan) and
transmission electron microscopy (TEM) (FEI, Tecnai G2 F20, U.S.)
(Fig. S3). Surface chemistry properties of the materials before and
after interacting with 1-naphthylamine were examined using X-ray
photoelectron spectroscopy (XPS) (PHI 5000 Versa Probe, Japan)
and Fourier transform infrared spectroscopy (FTIR) (Bruker TEN-
SORTM 27, U.S.). Brunauer�Emmett�Teller (BET) surface area was
determined using an accelerated surface area and porosimetry
system (Micromeritics ASAP2010, U.S.).

The XRD pattern of 75-Mn3O4�rGO is very similar to that of bare
Mn3O4, and correlates well with the hausmannite structure of
Mn3O4 (JCPDS No. 89-4837). A weak broad peak around 2q of
24e27� (the characteristic peak of rGO) was observed for 75-
Mn3O4�rGO, whereas the peak at 2q of 10.4� (the characteristic
peak of GO) was not observed, indicating that GO was reduced
during the synthesis (Pei and Cheng, 2012; Song et al., 2013). A
similar weak broad peak was observed for bare rGO, confirming the
reduction of GO during the synthesis, likely from heating. The SEM
images (Fig. S3a and S3c) show that the Mn3O4 component of 75-
Mn3O4�rGO and bare Mn3O4 had comparable morphology. The
TEM images of 75-Mn3O4�rGO confirm that Mn3O4 particles
(mostly 10e20 nm) were dispersed well on the rGO nanosheets



Fig. 1. Removal of 1-naphthylamine (NA, C0 ¼ 5 mg/L) in aqueous solutions: a) blank
control (NA alone); b) with bare rGO; c) with bare Mn3O4; and d)ef) with Mn3O4�rGO.
Reaction conditions: [bare Mn3O4] ¼ 7.5 mg/L, [bare rGO] ¼ 2.5 mg/L, [45-
Mn3O4�rGO] ¼ [58-Mn3O4�rGO] ¼ [75-Mn3O4�rGO] ¼ 10 mg/L. Error bars, in most
cases smaller than the symbols, represent the range of duplicates.
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(Fig. S3d). This is consistent with the literature demonstrating that
this synthesis approach results in Mn3O4 nanoparticles anchored to
rGO nanosheets (Li et al., 2013; Nam et al., 2013). The BET surface
area of 75-Mn3O4�rGO is 60.37 m2/g, and that of bare Mn3O4 is
42.79 m2/g. We were unable to measure the surface area of bare
rGO because the powder flew away easily during the vacuuming
process.

2.3. Batch reaction experiments

To initiate a reaction kinetic experiment, a certain amount of
Mn3O4�rGO, bare Mn3O4 or bare rGO was added to a 250-mL
amber glass vial and prewetted with deionized water for 24 h
(when needed, pH was adjusted with NaOH or HCl). Afterward, a
stock solution of 1-naphthylamine (in methanol, the volume per-
centage of methanol was kept below 0.1% (v/v) to minimize
cosolvent effects) was added to the vial using a microsyringe to give
a final 1-naphthylamine concentration of 5 mg/L, and the vial was
filled with deionized water to leave minimal headspace. After that,
the vial was sealed with a Teflon-lined screw cap and shaken with
an orbital shaker at 25.0 ± 0.5 �C. At predetermined time intervals
less than 0.6 mL aliquot was withdrawn to analyze the concentra-
tion of 1-naphthylamine. The aliquot was mixed with methanol
(1:1, v:v), filtered through 0.22-mm membrane (Anpel Scientific
Instrument, China), and analyzed with high-performance liquid
chromatography (HPLC) (see below). At the end of the reaction
kinetic experiment, a negligible depletion-solid-phase micro-
extraction (nd-SPME) method was used to identify the trans-
formation products of 1-naphthylamine (Wang et al., 2014). Briefly,
a piece of glass fiber was added to the reaction vial and equilibrated
for 3 d (the time required was determined in our previous study
(Wang et al., 2014)). Then, the fiber was extracted with methanol,
and the transformation products were analyzed with ultra-
performance liquid chromatography�tandem quadrupole mass
spectrometry (UPLC�MS/MS) (see below). Identification of all the
reaction products was infeasible due to the lack of commercial
standards. Thus, the most probable molecular structures of the
reactive products were deduced based on the m/z values (Li and
Lee, 1999; Li et al., 2003; Lin et al., 2009; Skarpeli-Liati et al., 2011).

A separate set of kinetic experiments was carried out using a
slightly different experimental setup to examine the effect of dis-
solved O2 on the reaction. Specifically, 40-mL amber glass vials
equipped with gas-tight caps were used. This apparatus allowed
controlling of O2 concentration in the system by sparging with O2
or purging with N2; it also allowed sampling using a microsyringe
without having to take off the cap. The reaction systems consisted
of 60 mg/L Mn3O4�rGO or bare Mn3O4 and 30 mg/L 1-
naphthylamine. After pre-wetting Mn3O4�rGO or bare Mn3O4,
the aqueous suspensionwas purged with N2 or sparged with O2 for
at least 2 h to achieve an O2-deficit or O2-rich environment. Then,
the stock solution of 1-naphthylamine was added to initiate the
reaction.

Another set of experiments was conducted to examine the
oxidation of 1-naphthylamine in the presence of both Mn(II) and a
rGO product. First, 12.5 mg of bare rGO or rGO-N2H4 was added to a
250-mL amber glass bottle containing deionized water, to give a
concentration of 50 mg/L. After pre-wetting for 24 h, a stock so-
lution of 1-naphthylamine was added to give a 1-naphthylamine
concentration of 25 mg/L, and a stock solution of Mn(II) was
added to give a total Mn(II) concentration of 1 mmol/L. The bottle
was shakenwith an orbital shaker at 25.0 ± 0.5 �C for 9 d. Next, the
bottle was centrifuged at 3000 g for 20min. Aliquots of the aqueous
solution were withdrawn, mixed with methanol (1:1, v:v), filtered
through 0.22-mm membrane filters, and analyzed with HPLC to
determine the concentration of 1-naphthylamine. Oxidation of
Mn(II) by bare rGO and rGO-N2H4 in these experiments was also
examined, and the detailed procedures are given in Supplementary
data.

2.4. Analytical methods

1-Naphthylamine was analyzed with a Waters 1100 HPLC
equipped with a UV detector at 230 nm and a 4.6 � 150 mm
SunFire-C18 column (Waters, U.S.). The mobile phase was aceto-
nitrile�deionized water (60:40, v:v) at a flow rate of 1 mL/min.
Transformation products of 1-naphthylamine were analyzed with a
Waters UPLC�MS/MS equipped with an Acquity UPLC BEH C18
column (1.7 mm, 2.1 � 50 mm) (Xevo TQ-S, Waters, U.S.). The
mobile-phase was methanol with a flow rate of 0.45 mL/min. The
mass spectrometer was operated in the m/z 60e600 range for
UPLC�MS/MS. The cone voltage was set to 40 V. The desolvation
temperature and source temperature were 350 and 150 �C,
respectively.

3. Results and discussion

3.1. Anchoring Mn3O4 to rGO enhanced its oxidation capacity

All three Mn3O4�rGO nanocomposites resulted in greater
transformation of 1-naphthylamine than did bare Mn3O4 (Fig. 1).
For example, nearly 75% 1-naphthylamine disappeared in the
presence of 10 mg/L 75-Mn3O4�rGO, whereas the loss of 1-
naphthylamine was only ~15% in the presence of 7.5 mg/L bare
Mn3O4 (containing the same mass of Mn3O4 as in 75-Mn3O4�rGO).
The observed pseudo first-order rate constant (kobs) by 75-
Mn3O4�rGO was 0.115 ± 0.007 d�1, nearly one order of magni-
tude higher than that for bare Mn3O4 (0.0128 ± 0.0008 d�1)
(Table S1 and Fig. S4). Negligible loss of 1-naphthylamine was
observed in the control experiment (aqueous 1-naphthylamine
alone), indicating no significant photo transformation or biodeg-
radation in the absence of Mn3O4�rGO or bare Mn3O4. Further-
more, only a 12% loss of 1-naphthylamine was observed in the
presence of 2.5 mg/L bare rGO. Thus, it can be concluded that when



Fig. 3. FTIR spectra of 75-Mn3O4�rGO before and after reaction with 1-
naphthylamine.
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Mn3O4 was anchored to rGO, a synergistic effect on the removal of
1-naphthylamine was achieved, as compared with the removal of
1-naphthylamine from the aqueous solution by bare Mn3O4 and
bare rGO.

Multiple peaks were observed in the total ionic chromatogram
of 1-naphthylamine and its reaction products by 75-Mn3O4�rGO
and by bare Mn3O4 (Fig. S5). A series of products (mostly dimers of
1-naphthylamine) were identified on the basis of the m/z values
(Fig. S6) (Li and Lee, 1999; Li et al., 2003). Previous studies have
shown that the amino groups of aromatic amines are susceptible to
chemical oxidation and can easily lose an electron; this results in
the formation of amine radicals, which then form polymers
through radical oxidative coupling reactions (Col�on et al., 2002;
Laha and Luthy, 1990; Li and Lee, 1999; Li et al., 2003;
Schwarzenbach et al., 2003; Skarpeli-Liati et al., 2011). Interest-
ingly, the species and distribution of oxidized products of 1-
naphthylamine by 75-Mn3O4�rGO and by bare Mn3O4 were
almost identical (Fig. S5), indicating that anchoring Mn3O4 to rGO
did not change the reaction pathway through which Mn3O4 oxi-
dizes 1-naphthylamine.

3.2. Changes in Mn3O4�rGO surface chemistry during oxidation of
1-naphthylamine

The XPS and FTIR data show collectively that the rGO compo-
nent of 75-Mn3O4�rGO underwent further reduction during the
transformation of 1-naphthylamine. The C 1s XPS spectrum of the
as-prepared 75-Mn3O4�rGO (Fig. 2a and b) show four peaks that
are associated with CeC/C]C (284.6 eV), C�O (286.7 eV), C]O
(287.8 eV) and O�C]O (288.8 eV). After reacting with 1-
naphthylamine, the width and intensity of the C�C/C]C peak
increased, whereas the intensity of the C�O, C]O, and O�C]O
peaks significantly decreased (Fig. 2b), indicating the reduction of
the rGO component of 75-Mn3O4�rGO (Pei and Cheng, 2012).
(Distributions of carbon species in 75-Mn3O4�rGO before and after
the reaction with 1-naphthylamine are summarized in Table S2.)
The FTIR spectra (Fig. 3) also show substantial decrease of O-
functional groups (especially C�O) of 75-Mn3O4�rGO, upon
reacting with 1-naphthylamine. Thus, on the basis of the combined
spectroscopic evidence, it appears that the rGO component func-
tioned as an oxidant in the transformation of 1-naphthylamine by
75-Mn3O4�rGO, and therefore, was reduced. This active partici-
pation of rGO in the reaction is distinctly different from the pre-
viously proposed roles of the GO/rGO support of metal
oxide�graphene nanocomposites (i.e., enhancing dispersion of
metal oxide, enhancing adsorption of contaminants, and con-
ducting electrons) (Chandra et al., 2010; Fu et al., 2014; Leary and
Fig. 2. XPS spectra of C 1s for 75-Mn3O4�rGO before and after reaction with 1-naphth
Westwood, 2011; Li et al., 2015; Lindfors et al., 2013; Shen et al.,
2015; Upadhyay et al., 2014; Xu et al., 2015; Yao et al., 2013;
Zhang et al., 2010). In comparison, both the XPS and FTIR spectra
show that the distribution and abundance of surface O-functional
groups of bare rGO did not change after interacting with 1-
naphthylamine (Figs. S7 and S8).
3.3. Role of rGO component of Mn3O4�rGO in mediating redox
cycle of Mn(II)/Mn(III)

The rGO component of the Mn3O4�rGO nanocomposite may
participate in the oxidation of 1-naphthyalmine by reacting directly
with the organicmolecules or by affecting the redox state of Mn3O4.
The former was not very likely because the oxidation of 1-
naphthylamine by Mn3O4 would take precedence, due to the
higher oxidation potential of Mn3O4 than rGO (Chowdhury et al.,
2009; Kauppila et al., 2014). The facts that bare rGO could not
result in significant transformation of 1-naphthylamine and, in
particular, that the surface chemistry of bare rGO remained un-
changed upon interacting with 1-naphthylamine (Figs. S7 and S8)
are consistent with this argument. Furthermore, whereas 75-
Mn3O4�rGO exhibited significantly greater oxidation efficiency
than did bare Mn3O4, the transformation pathways of 1-
naphthylamine by 75-Mn3O4�rGO and by bare Mn3O4 were very
ylamine: a) 75-Mn3O4�rGO before reaction; and b) 75-Mn3O4�rGO after reaction.
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similar (Fig. S5). This also indicates that the Mn3O4 component of
Mn3O4�rGO was the primary oxidant. Thus, we postulate that the
rGO component improved the oxidation efficiency of Mn3O4�rGO
mainly by mediating the redox cycle of Mn, rather than reacting
directly with 1-naphthylamine.

According to previous studies, the oxidation of 1-naphthylamine
byMnOx starts from the formation of a precursor complex between
1-naphthylamine and the surface of MnOx, followed by a one-
electron transfer within the complex, forming 1-naphthylamine
radical species; the radical species then form oxidative products,
accompanied with the reductive dissolution of Mn(II) (Li et al.,
2003; Schwarzenbach et al., 2003; Skarpeli-Liati et al., 2011). For
Mn3O4 the process can be expressed as:

≡MnIII þ NA / (≡MnIII, NA) / (≡MnII, NA$) / Mn2þ þ NA$ (1)

NA$ / oxidative coupling products (2)

where NA denotes 1-naphthylamine, and the symbol “≡” indicates
surface-associated species. When Mn3O4 is anchored to rGO, the
surface Mn(II) species can be re-oxidized by rGO, and thus,
regenerating surface Mn(III) species, which can then participate in
the oxidation of 1-naphthylamine (i.e., Equation (1)). A pictorial
illustration of the role of rGO is shown in Fig. 4. As shown in the XPS
spectra (Fig. 2a) and FTIR spectra (Fig. 3), the rGO component of 75-
Mn3O4�rGO contained considerable amounts of surface O-func-
tional groups (epoxy and carbonyl moieties). These moieties can
serve as the oxidants, and thus re-oxidize Mn(II) (Fan et al., 2010;
Han et al., 2014; Li et al., 2013; Su and Loh, 2012). Oxidation of
aqueous Mn2þ by rGO at room temperature has been reported (Han
et al., 2014; Li et al., 2013). Furthermore, when bound to rGO the
oxidative potential of Mn(II)/Mn(III) would be lowered, favoring the
oxidation of Mn(II) to Mn(III). Such facilitated oxidation has pre-
viously been reported for metals bound to humic substances rich in
carbonyl and carboxyl groups (Fulda et al., 2013; Latta et al., 2012;
Vikesland and Valentine, 2002).

Re-oxidation of Mn(II) to Mn(III) by the rGO component of 75-
Mn3O4�rGO is corroborated by the Mn 2p XPS spectra (Fig. S9). It
has been proposed that the changes of peak position of Mn 2p3/2
indicate the changes of surface oxidation states of Mn (Chen et al.,
2012b; Gorlin et al., 2014; Tseng et al., 2003). Specifically, the peak
position at a higher binding energy implies a higher surface
oxidation state of Mn in the solid samples. Fig. S9 shows that the
Fig. 4. Role of the rGO component of Mn3O4�rGO in mediating the redox cycle of
Mn(II)/Mn(III) in the enhanced transformation of 1-naphthylamine by Mn3O4�rGO
than by bare Mn3O4.
peak position shifted toward lower binding energy after 75-
Mn3O4�rGO or bare Mn3O4 reacted with 1-naphthylamine, which
can be ascribed to a consumption of Mn(III) to form Mn(II) (Chen
et al., 2012b; Gorlin et al., 2014). Because 75-Mn3O4�rGO resul-
ted in much more significant oxidation of 1-naphthylamine than
did bare Mn3O4 (Fig. 1), the peak shift to the lower binding energy
should be more significant for 75-Mn3O4�rGO than for bare
Mn3O4. However, this was not the case based on Fig. S9. The less
than expected peak shift is consistent with the re-oxidation of
Mn(II) to Mn(III) by the rGO component of 75-Mn3O4�rGO.

To further demonstrate that the rGO component of Mn3O4�rGO
can facilitate the oxidation of 1-naphthylamine by regenerating an
oxidant, Mn(III), we examined the transformation of 1-
naphthylamine in systems containing Mn(II) and two different
rGO formsdincluding bare rGO and rGO-N2H4dthat represented
different degrees of surface oxidation (see the FTIR results in
Fig. S10). The hypothesis was that bare rGOwould be able to oxidize
the Mn(II) species bound to it and therefore, generate Mn(III),
which would then oxidize 1-naphthylamine. In contrast, little or no
enhanced removal of 1-naphthylamine would occur when the
highly-reduced rGO-N2H4 was used, which would be much less
effective in oxidizing Mn(II). The results (Fig. S11) clearly show that
in the presence of bare rGO, the removal of 1-naphthylamine was
more significant in the system containing Mn(II) than in the
respective system in which Mn(II) was not added, whereas in the
presence of rGO-N2H4 no such effect was observed. The total ionic
chromatograms of 1-naphthylamine and its transformation prod-
ucts (Fig. S12) further show that adding Mn(II) significantly
enhanced the transformation of 1-naphthylamine in the systems
containing bare rGO (as indicated by the markedly increased peak
intensity of reaction products), but not in the system containing
rGO-N2H4. Moreover, the XPS Mn 2p spectra of bare rGO and rGO-
N2H4 after interacting with Mn(II) (Fig. S13) show that moreMn(III)
was formed on bare rGO than on rGO-N2H4, as evidenced by the
higher binding energy of Mn 2p3/2 associated with bare rGO than
with rGO-N2H4 (Chen et al., 2012b; Gorlin et al., 2014). Thus, the
combined evidence in Fig. S10�S13 corroborates that the rGO
component of Mn3O4�rGO is able to re-oxidize Mn(II) species to
form oxidative Mn(III), which can then enhance the oxidation of 1-
naphthylamine.

3.4. O2 and pH effect experiments provide further evidence for rGO
regenerating Mn(II)

To further demonstrate that it was rGO rather than other oxi-
dants that facilitated the redox cycle of Mn(II)/Mn(III), additional
experiments were conducted to understand the effects of O2 on the
oxidation of 1-naphthylamine by bare Mn3O4 and 75-Mn3O4�rGO
(Fig. 5), in that oxidation of Mn(II) to Mn(III) can occur in aquatic
environments in the presence of dissolved O2 (Kessick and Morgan,
1975; Stauffer, 1986). Fig. 5 shows that sparging with O2 slightly
increased the kinetics of oxidative transformation of 1-
naphthylamine by bare Mn3O4, whereas purging with N2 inhibi-
ted reaction kinetics. However, the effect of O2 in enhancing the
oxidative efficiency of bare Mn3O4 was negligible compared with
that of the rGO component of 75-Mn3O4�rGO. Interestingly, a
much greater extent of 1-naphthylamine transformation was
observed in the reaction regime of 75-Mn3O4�rGO with N2-purg-
ing than in the regime of bare Mn3O4 with O2-sparging (Fig. 5).
Furthermore, sparging with O2 did not substantially increase the
rate of oxidative transformation of 1-naphthylamine by 75-
Mn3O4�rGO. Thus, the rGO component of 75-Mn3O4�rGO was
more effective in re-oxidizingMn(II) thanwas dissolved O2. This set
of experiments also ruled out the possibility that the high oxidative
efficiency of Mn3O4�rGO was due to a Fenton-like reaction (Watts



Fig. 5. Effects of O2 on transformation of 1-naphthylamine (NA, C0 ¼ 30 mg/L) by bare Mn3O4 and 75-Mn3O4�rGO. The term “untreated” refers to experiments conducted without
N2 or O2 treatment. Reaction conditions: [bare Mn3O4] ¼ [75-Mn3O4�rGO] ¼ 60 mg/L. Error bars represent the range of duplicates.
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et al., 2005; Wuttig et al., 2013), i.e., O2 was not activated by rGO to
form a significant amount of highly oxidative hydroxyl radicals.

The role of rGO in mediating the redox cycle of Mn(II)/Mn(III)
was also corroborated by the pH-dependent reactivity. Strikingly,
completely opposite pH effects were observed between bareMn3O4
and 75-Mn3O4�rGO (Fig. 6). Increasing pH significantly inhibited
the oxidation of 1-naphthylamine by bare Mn3O4. This is attributed
Fig. 6. Effects of pH on transformation of 1-naphthylamine (NA, C0 ¼ 5 mg/L) by bare Mn3O4

Error bars represent the range of duplicates.
to the fact that increasing pH restrains the reduction of Mn3O4 to
Mn2þ,

Mn3O4(s) þ 8Hþ þ 2e� / 3Mn2þ þ 3H2O, E00 ¼ 1.824 V (3)

Nonetheless, increasing pH significantly enhanced the oxidation
of 1-naphthylamine by 75-Mn3O4�rGO. This is consistent with the
and 75-Mn3O4�rGO. Reaction conditions: [bare Mn3O4] ¼ [75-Mn3O4�rGO] ¼ 10 mg/L.
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proposed role of rGO in re-oxidizingMn(II). First, the deprotonation
of the acidic O-functional groups of rGO at elevated pH could
enhance the binding of Mn2þ to the surface of Mn3O4�rGO, which
was beneficial for the re-oxidation of Mn(II) by rGO. Second,
increasing pH could facilitate the oxidation of surface-boundMn(II)
to Mn(III) (Li et al., 2013),

rGO≡MnII þ OH� / rGO*≡MnIII (4)

where rGO* denotes further reduced rGO after oxidizing Mn(II) to
Mn(III). It has been proposed that oxidation of Mn(II) species bound
to the surface of birnessite is enhanced at elevated pH (Lefkowitz
et al., 2013), which supports the proposed reaction in Equation
(4). Note that within the test pH range Mn3O4 should be positively
charged (Shaughnessy et al., 2003). Thus, binding of Mn(II) to the
surface groups of Mn3O4 (mainly in the form of ≡MnIIIOH2

þ) (Stone,
1987; Stone and Morgan, 1984) and the subsequent re-oxidation
was unlikely. Accordingly, in the reaction system containing bare
Mn3O4 re-oxidation of Mn(II) at elevated pH should have been
negligible. Moreover, pH had little effect on the removal of 1-
naphthylamine by bare rGO (Fig. S14). This further corroborates
that the significantly enhanced transformation of 1-naphthylamine
by 75-Mn3O4�rGO at elevated pHwas attributable to the enhanced
efficiency of rGO in re-oxidizing Mn(II) with increasing pH.

4. Conclusions

Mn3O4�rGO nanocomposites exhibited much greater oxidation
efficiency than bare Mn3O4. The rGO component improved the
oxidation efficiency ofMn3O4 predominantly by re-oxidizingMn(II)
formed from the reaction between Mn3O4 and 1-naphthylamine,
and thereby, regenerating surface-bound oxidative Mn(III) species
(even though other mechanisms such as enhancing adsorption of
contaminant cannot be ruled out). The discernment that the
improved performance of Mn3O4�rGO nanocomposites over bare
Mn3O4 is primarily due to re-oxidation of surface-associated Mn(II)
to Mn(III) by rGO advances our mechanistic understanding of the
interaction of graphene-based materials with anchored metal ox-
ides. This finding may guide the development of superior metal
oxideegraphene nanocomposites for contaminant removal.

Note that the synthesis of Mn3O4�rGO in this study involved
heating, causing partial reduction of GO. Future studies can be
directed to develop nanocomposites incorporating more oxidized
forms of graphene substrates to further enhance the performance
and stability of anchored metal oxides.
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