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and chromium reduction reactions
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A B S T R A C T

A simple one-pot aqueous phase chemical reduction has been used for the successful synthesis of flower-like Cu-
CuO-Ni heterostructures. X-ray diffraction analysis and X-ray photoelectron spectroscopy confirms the presence
of metallic copper, nickel and monoclinic copper oxide (CuO) in the sample with traces of Cu(OH)2. Scanning
electron microscope images confirms the flower like morphology of the Cu-CuO-Ni nanoheterostructures. For the
first time, Cu-CuO-Ni nanocrystals were employed as a new heterogeneous efficient nanocatalyst for the hy-
drogenation reduction of 4-nitrophenol (4-NP) and reduction of chromium (VI) (Cr) to chromium (III). The
synthesized Cu-CuO-Ni nanocrystals showed highest catalytic properties with an activity factor of 0.0088
s−1 mg−1for reduction of 4-nitrophenol and 0.057min−1for chromium reduction reaction. The XRD and XPS
analysis of the catalytically recycled samples suggests the higher catalytic stability of Cu-CuO-Ni nanocrystals. In
comparison to the bare CuO and CuO- Ni nanocrystals the maximum catalytic activity was shown by Cu-CuO-Ni
nanocrystals. The improved catalytic activity was found to be due to the combined effect of morphological and
compositional differences. The commendable catalytic efficiency along with the facile synthetic approach and
the use of low-cost copper and nickel significantly reduces the cost of the catalytic process. The stability of the
Cu-CuO-Ni catalyst system for the chromium reduction reactions was monitored by conducting recyclability test
for three times. Therefore, the developed Cu-CuO-Ni nanocatalyst offers significant applications in waste water
treatment systems and other industrial applications.

1. Introduction

One of the important characteristics of heterostructured nanocrys-
tals is their composition dependent surface structure as well as atomic
segregation properties. These properties make heterostructured nano-
crystals potential candidates for using as effective catalysts with highly
improved activity and stability [1].Various methods adopted, for the
synthesis of heterostructurednanocrystals with tunable chemical com-
position, structure as well as shape, includereduction in hot surfactant
solutions [2], micelle [3] and dendrimertemplating [4]. In the area of
catalysis copper nanoparticles show considerable attention in many of
the reactions including oxidation of alcohols, carbon-heteroatom bond
formation, oxidation of carbon monoxide etc [5]. Nanostructured Cu
[6], Cu2O [7] and CuO [8] were reported to be excellent catalyst

compared to noble metals and received great attention owed to their
low cost and easy availability. Among the copper based nanostructures,
copper oxide(CuO) is a narrow band gap p-type semiconductor ex-
hibiting unique properties different from those of bulk materials, which
has found applications in various fields of electronics, optics and solar
cells [9]. The major disadvantages of mere CuO nanocrystals are de-
creased stability and higher tendency for self-aggregation due to their
enormous surface area and surface energy. Such agglomeration of
particles will usually result in decreased catalytic efficiency of CuO
nanoparticles due to the decreased surface area. The general methods to
solve these problems are loading CuO in different supporting materials
[10] or modifying CuO into various shapes like urchins [11]. The se-
lection of method adopted for achieving the stability and preventing
agglomeration has significant role in sustaining the catalytic efficiency
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A B S T R A C T

The 4-phenylazophenol (4-PAP), was treated with two different sources of metallic iron (ZVI): commercial
micrometric powder (pZVI) and nanoparticles synthetized by the borohydride reduction method (nZVI). 4-PAP
degradation was studied both in the absence and in the presence of H2O2 at different pHs. The degradation
products of 4-PAP in each treatment were followed by LC-MS and CG-MS. Results showed that, in the absence of
H2O2, the azo bond reduction of 4-PAP with the formation of amines was the main mechanism involved for both
ZVI sources and nZVI exhibited a faster substrate removal than pZVI. In the presence of H2O2, an additional
mechanism involving the oxidation mediated by hydroxyl radicals takes place. For pZVI, the addition of H2O2

produced a complete inhibition of the reduction pathway, being the oxidation the main degradation mechanism.
In the case of nZVI, the system behavior showed an important dependence on the working pH. At pH 3.00,
oxidative transformation pathways prevailed, whereas at pH 5.00 an almost negligible degradation -mainly
driven by 4-PAP reduction- was observed. The assessment of the involved reaction mechanisms under different
conditions allows the selection of the most suitable source for a specific treatment.

1. Introduction

Fenton related techniques are one of the most studied wastewater
treatments due to their ability to oxidize a wide variety of pollutants
using green reactants with few environmental impacts [1]. Several
works have focused on its use for the degradation of azo dyes [2–4], the
most common family of dyes used in textile industry [5]. These dyes are
resistant to traditional biological treatments and can generate carci-
nogenic aromatic amines upon reduction [6]. In particular, it has been
shown that the dye 4-phenylazophenol (4-PAP), also known as Solvent
Yellow 7, may be easily absorbed by human skin and metabolized to the
mutagenic aniline [7]. 4-PAP has one of the simplest structures among
azo dyes, consisting on a benzene and a phenol ring conjugated through
an azo linkage (Fig. S1). This is an advantage for identification of
products obtained under different conditions.

Fenton related techniques are based on the production of hydroxyl
radicals (OH%) from Fe(II) and H2O2 [8].

Fe(II) + H2O2 → [Fe(III)OH]2+ + HO% (1)

Hydroxyl radicals have a high oxidation potential [9] and are cap-
able of oxidize most of the organic compounds present in industrial
effluents. The oxidation of aromatic compounds usually involves the
addition of a hydroxyl group (-OH) to the aromatic ring during the first
oxidation steps generating hydroxylated derivatives [10]. A subsequent
attack of hydroxyl radical produces dihydroxylated compounds. Al-
though a third addition is possible, trihydroxylated compounds are
unstable and tend to undergo ring opening reactions with the loss of
aromaticity and the generation of aliphatic acids [11]. In the case of azo
dyes, OH% can also attack azo bonds thus generating hydroxylamines
(R-NHOH), hydroxyl hydrazines (R-NH-NHOH), nitroso compounds (R-
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