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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Cr(III) was efficiently oxidized by the
in-situ electro-generated ROS.

� Graphitized MWCNTs exhibit excel-
lent ORR catalytic behavior.

� Graphitization process significantly
improves 2e ORR for the carbon
nanotubes.

� Novel Cr(III)-induced electro-Fenton-
like systems were successfully
developed.
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a b s t r a c t

Alkaline electrochemical advanced oxidation processes for chromium oxidation and Cr-contaminated
waste disposal were reported in this study. The highly graphitized multi-walled carbon nanotubes g-
MWCNTs modified electrode was prepared for the in-situ electrochemical generation of HO2

�. RRDE test
results illustrated that g-MWCNTs exhibited much higher two-electron oxygen reduction activity than
other nanocarbon materials with peak current density of 1.24 mA cm�2, %HO2

� of 77.0% and onset po-
tential of �0.15 V (vs. Hg/HgO). It was originated from the highly graphitized structure and good elec-
trical conductivity as illustrated from the Raman, XRD and EIS characterizations, respectively. Large
amount of reactive oxygen species (HO2

� and $OH) were in-situ electro-generated from the two-electron
oxygen reduction and chromium-induced alkaline electro-Fenton-like reaction. The oxidation of Cr(III)
was efficiently achieved within 90 min and the conversion ratio maintained more than 95% of the
original value after stability test, offering an efficient and green approach for the utilization of Cr-
containing wastes.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Chromium compounds are widely used in chemical
manufacturing, pigment industry, leather tanning, electroplating

and metallurgy process (Kim et al., 2016). Cr(III) and Cr(VI) are two
stable states of chromium compounds, which present different
physicochemical characteristics (Bokare and Choi, 2011; Liu et al.,
2011). Cr(III) is easily precipitated as hydroxide solids or adsorbed
onto the ore surface as complex ions, while Cr(VI) is highly mobile
and soluble (Jin et al., 2011). Consequently, oxidative extraction
approach is a critical step for the disposal of large amount of Cr-* Corresponding author.
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contaminated solid wastes, radioactive tank wastes and refractory
spinel mineral (Sylvester et al., 2001).

Many efforts have been reported on the oxidation of Cr(III) for
chromium resources utilization and recycle (Salimi et al., 2015).
Conventionally, pyrometallurgical process of soda-ash alkaline
roasting (Sylvester et al., 2001), or hydrometallurgical methods
such as pressure oxidative leaching with the introduction of oxy-
gen, ozone, permanganate, and ferrate have been developed (Zhang
et al., 2014a). However, the problems associated with low overall
resource utilization, high energy consumption, as well as the
environmental pollution of chromite dust and waste gases remains
unresolved.

Electrochemical oxidation is a cost-effective and highly efficient
technique for the chromium oxidation and other hydrometallurgi-
cal process (Vasudevan et al., 2005; Nicol and Zhang, 2016). It is
reported that direct and indirect way for the chromium electro-
oxidation was successfully achieved (Welch et al., 2004; Jin et al.,
2012). Recently, electrochemical advanced oxidation processes
(EAOPs) have been demonstrated as the green and efficient tech-
nology in last decade due to its simplicity and effectiveness in
treating a wide variety of hazardous chemicals (Brillas et al., 2009;
Domínguez et al., 2010; Sires et al., 2014; Oturan et al., 2015;
Wang et al., 2015; Bolyard and Reinhart, 2016; Le et al., 2016).
Highly reactive oxidative reagent of $OH can be readily obtained
from the Fenton or Fenton-like reactions as illustrated in Eqs.
(1)e(3) by the activation between transitionmetal ions and electro-
generated H2O2 via two-electron oxygen reduction reaction (ORR)
(Siahrostami et al., 2013; Moraes et al., 2014; Brillas and Martínez-
Huitle, 2015; Sabatino et al., 2016; Singh and Lee, 2016; Wilson
and Flaherty, 2016; Le et al., 2017; Mirzaei et al., 2017). The reac-
tive oxygen species (ROS) play important role in the EAOPs, which is
strongly dependent on the design of cathode materials for better
ORR performance (Isarain-Ch�avez et al., 2010; Pajootan et al., 2014;
Le et al., 2015; Hiltrop et al., 2016). Due to the unique properties of
the nano-sized carbon structure with large surface area, carbon
nanotubes can enhance the electron-transfer production of H2O2.
And the modification or immobilization methods can increase the
electrical conductivity, stability and electrocatalytic activity of
carbonaceous material cathodes, which is very important for
improving 2eORRperformance (Zhanget al., 2011; Zhou et al., 2013;
Park et al., 2014; Wang et al., 2015).

Fe2þ þ H2O2 / Fe3þ þ $OH þ OH� (1)

Cuþ þ H2O2 / Cu2þ þ $OH þ OH� (2)

Ce3þ þ H2O2 / Ce4þ þ $OH þ OH� (3)

However, it is well known that conventional EAOPs was per-
formed in acidic solution (usually pH 3.0) (Bokare and Choi, 2014;
Ma et al., 2015; Bakr and Rahaman, 2016), and the reaction effi-
ciency substantially decreases at pH > 5.0 owing to the precipita-
tion of Fe(II)/Fe(III) (Bokare and Choi, 2011). In this regard, we
report a novel efficient electrochemical advanced oxidation process
for chromium oxidation in alkaline media via two-electron ORR
catalyzed by highly graphitized multi-walled carbon nanotubes (g-
MWCNTs). The electrocatalytic behavior of other carbon-based
catalysts are systematically compared with those of g-MWCNTs
by cyclic voltammetry (CV), rotating ring disk electrode (RRDE),
linear sweep voltammograms (LSVs), electrochemical impedance
spectroscopy (EIS) and in-situ ROS monitoring techniques. It is
expected to provide further insight and understanding for the
design of non-precious metal catalysts in EAOPs and Cr-containing
resource utilization.

2. Materials and methods

2.1. Reagents and materials

KOH (85 wt%), H2O2 (30 wt%), Cr(NO3)3$9H2O (99 wt%), tert-
butanol (t-BA, 99 wt%), 5,5-dimethyl-1-pyrroline (DMPO), graphite
powder (<20 mm) and multi-walled carbon nanotubes (MWCNTs)
were from Sigma-Aldrich and used as received without further
purification. Graphene oxide (GO) was prepared from graphite by a
modified Hummer method (Liang et al., 2011). It was then reduced
to graphene by calcining at 400 �C for 2 h at N2 atmosphere. HCl
(38 wt%), H2SO4 (98 wt%) and H3PO4 (85 wt%) were purchased from
Sinopharm Chemical Reagent Co., Ltd., China. All solutions were
prepared from Millipore Milli-Q water (18 MU cm). Ultrapure N2
and O2 (99.99%) were supplied by Beijing Qianxi Gas Co., Ltd., China.

2.2. Materials fabrications

In a typical modified Hummer method procedure, a mixture of
concentrated H2SO4 (360 mL) and H3PO4 (40 mL) was added to
graphite powder (3 g) and KMnO4 (18 g), and the resulting mixture
was stirred at 50 �C for 12 h. After cooling to room temperature,
400 mL ice water was poured slowly into the reaction beaker under
stirring, followed by the dropwise addition of H2O2 (3 mL). The
solid product was washed with 2 M HCl and water to remove the
metal ions and impurities, and then freeze-dried for 24 h to obtain
GO powder.

Commercially available MWCNTs were purified by concentrated
HCl for 6 h and washed to pH¼ 7, and dried at 100 �C for 10 h. After
purification, the MWCNTs was annealed at 2800 �C for 30 min
under Ar atmosphere to obtain well-graphitized MWCNTs with
heating and cooling speed of 5 �C min�1 (Delpeux-Ouldriane et al.,
2006). Ultra high temperature annealing process with low speed
heating and cooling procedure is willing to obtain better graphitic
degree of carbon nanotubes. The morphology of catalyst was
measured by high resolution transmission electron microscopy
(HR-TEM, JEOL JEM-2100F). Raman spectroscopy was performed by
a Jobin-Yvon Lab Ram HR800 system. Surface species of the g-
MWCNTs and pristine MWCNTs were determined by X-ray photo-
electron spectroscopy (XPS) using an XLESCALAB 250Xi electron
spectrometer from VG Scientific with monochromatic Al Ka
radiation.

The GCE with surface area of 0.1256 and 2 cm2 were prepared
for electrochemical characterization (CV and EIS) and EAOPs,
respectively. In order to obtain the modified glassy carbon elec-
trode (GCE), the catalysts were ultrasonically treated in amixture of
5 wt% Nafion and ethanol to prepare a homogenous ink
(1.0 mg mL�1) and 20 or 100 mL of the ink was uniformed dropped
onto the GCE (0.1256 or 2 cm2, respectively), followed by at least 2 h
air-drying. The concentration of HO2

� was quantified by the ultra-
violetevisible (UVevis) spectrophotometer (Labtech model 9100b)
at 405 nm, using KOH and H2SO4 as a pH adjustor, K2TiO$(C2O4)2 as
a colored indicator (Sheng et al., 2014). The electron spin resonance
(ESR) analysis of $OH trapped by DMPO was obtained on a JEOL
spectrometer (JES-FA200).

2.3. Electrochemical experiments

Electrochemical experiments were applied in a typical three-
electrode cell (400 mL) with a CHI760E workstation (CH In-
struments Inc., Shanghai), where graphite electrode (6 cm2) and Hg/
HgO electrode were used as counter and reference electrode,
respectively (Jin et al., 2010). In the rest of the manuscript, all po-
tentialswere reported versusHg/HgOelectrode (Xueet al., 2016). The
EAOPs for the chromium oxidation was performed by using
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