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ABSTRACT

The catalyst of nanoporous copper, covering a Cu,O layer, was synthesized via the
combination of dealloying of melt-spun Al;sCuss (at.%) precursor alloy in acid solution with
subsequent surface oxidation in air. The microstructure of the as-prepared catalyst has been
characterized by X-ray diffraction and a field-emission scanning electron microscope. The
results show that the as-prepared catalyst exhibits an open, bicontinuous interpenetrating
ligament/channel structure, and is comprised of Cu and Cu,O phases. Methyl orange (MO)
was used as the model pollutant and the degradation experiments were carried out under
dark conditions. The results of the experiment show that the Cu/Cu,O nanoporous compos-
ite and the ultrasonic wave have the synergistic degradation effect for MO. And, the effect
of pH value of MO solution, additive amounts of catalyst, initial concentrations of MO and
inorganic ions on the degradation process has been investigated. The degradation

mechanism of the as-prepared catalyst has also been discussed.
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1. Introduction

Azo dyes constitute about a half of global dye-stuff
production; the production and use of azo dyes result
in environmental pollution due to the colour visibility
and the toxicity of certain dyes [1], and about 15% of
them are directly discharged into water without
proper treatment [2]. A wide range of methods have
been developed to treat dyes, including adsorption,

*Corresponding author.

biodegradation, Fenton and photocatalytic degradation
[3-5]. But the high cost, secondary pollution or low
efficiency, etc. limit their development. However, due
to cleanness and non-secondary pollution, the
ultrasonic degradation has received increasing atten-
tion [6-8]. In the process of ultrasonic degradation, the
sonoluminescence and hotspots caused by acoustic
cavitation in a liquid can generate lights with a wide
range of wavelengths and temperatures of around
5,000-10,000°C [9]. These conditions lead to the pro-
duction of highly reactive radical species to attack and
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oxidize organic pollutants. However, the use of ultra-
sonic wave alone may not be suitable for all kinds of
pollutants. To solve this problem, catalysts are added
into the ultrasonic reaction system to reduce the
activation energy [10], so that the reaction can be
accelerated.

Studies have pointed out that with the presence of
UV light or ultrasonic irradiation as the energy source,
electron (e) of TiO, can be promoted from the
valence band into the conduction band, leaving a hole
(h*) behind by furnishing energy matching or exceed-
ing the band gap energy of the catalyst, and the holes
can accelerate the dissociation of water molecules to
form hydroxyl radical (OH), and then participate in
the degradation of organic pollutants in water [11,12].
Thus, the presence of TiO, can significantly accelerate
the generation of *OH as compared with that caused
by the sonolysis of water molecule alone [13]. In addi-
tion, in order to improve the catalytic efficiency, modi-
fications of TiO, have been explored to promote the
separation of the electron-hole pairs during the cata-
lytic reaction [14,15]. Xue et al. reported that combin-
ing TiO, with some narrow band gap semiconductors,
for instance CdS (2.41 eV), the response of TiO, can be
extended to the visible light region and the photocata-
lytic performance can be improved [16]. Recently, a
novel Cu/Cu,O composite has attracted the attention
of people. This is because compared with TiO, (3.0-
3.2eV), Cu,O has a narrower band gap (2.0-2.2eV)
[17,18], so e of Cu,O in valence band is easier to be
excited to conduction band, resulting in a hole. In
addition, the heterojunction of Cu and Cu,O can
enhance the catalytic property of Cu,O-based semicon-
ductors, because the existence of Cu can promptly
transfer electrons, avoiding the recombination of
electron-hole pairs [19,20].

In this work, we aimed at the design and fabrica-
tion of a novel Cu/Cu,O nanoporous composite cata-
lyst through surface oxidation nanoporous copper
(NPC), obtained by dealloying and then studied the
degradation of methyl orange (MO) through joint
action of Cu/Cu,O nanoporous composite and ultra-
sonic wave. NPC was firstly prepared by dealloying
the Al-Cu precursor in acidic media. Subsequently,
surface oxidation resulted in the formation of Cu/
Cu,0 nanoporous composite. In degradation experi-
ments, MO was used as the model pollutant because
it is widely used in textile, printing, paper manufac-
turing, pharmaceutical and food industries [21]. The
effect of pH value, additive amounts of catalyst, initial
concentrations of MO and inorganic anions on the
catalytic activity has been investigated under the
condition of ultrasonic away from light.

2. Experimental

2.1. Preparation and characterization of Cu/Cu,0
nanoporous composite

Al-Cu alloy with nominal compositions of
Aly;sCuys (at.%) was prepared from pure Al (99.9
wt.%), and pure Cu (99.9 wt.%). Voltaic arc heating
was employed to melt the charges in a copper crucible
under an argon atmosphere, and then the melt was
cooled down into ingots in situ. By use of a single-
roller melt-spinning apparatus, the alloy ingots were
remelted in a quartz tube by high-frequency induction
heating and then melt-spun onto a copper roller
(diameter, 0.22m) at a roller speed of ~2000 rpm in a
controlled argon atmosphere.

The dealloying of the melt-spun ribbons was per-
formed in a 5 wt.% HCI solution at room temperature.
After dealloying, the samples were rinsed with
distilled water and dehydrated alcohol. Finally, the
as-dealloyed samples were kept in a vacuum oven for
drying and preservation. The catalyst was obtained by
the following surface oxidation in air at ambient
temperature for three days. The phase constitution of
the as-prepared catalyst was characterized by X-ray
diffraction (XRD, Rigaku D/max-rB) with Cu/Ka radi-
ation. The field emission scanning electron microscope
(FE-SEM, FEI QUANTA FEG 250) with an energy
dispersive X-ray (EDS) analyzer was employed to
study the morphology and nanoporous structure of
the as-prepared catalyst.

2.2. The degradation experiment of MO

To study the synergistic effect of Cu/Cu,O nano-
porous composite and ultrasonic wave, the degrada-
tion experiments were carried out under dark
conditions. The ultrasonic frequency is 40kHz, and
the ultrasonic power is 100 W. The pH of MO solu-
tion was adjusted with hydrochloric acid and potas-
sium hydroxide solutions. The pH was measured
with a pH meter (Model PHS-3D, China). Cu/Cu,O
nanoporous composite was dispersed in 50 mL beak-
ers containing 50 mL MO solution. A small amount
of MO solution (4 mL) was extracted at certain inter-
vals and the absorbance of MO solution was moni-
tored by a visible spectrophotometer (Model 722,
China) at 463 nm, which is the maximum absorbance
wavelength of MO solution. The degradation
efficiency of the MO solution was calculated with the
following equation:

n= (Ao — A)/Ao X 100% (1)
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where Ay is the original absorbance of MO solution at
its maximum absorbance wavelength and A is the
absorbance of MO solution at the same wavelength
after different degradation durations.

3. Results and discussion
3.1. Fabrication and characterization of catalyst

Fig. 1 shows the XRD pattern of the as-prepared
catalyst. There are three major diffraction peaks (26 =
43.3, 50.4 and 74.1°) in the XRD pattern, corresponding
to the (111), (200) and (220) reflections of a face-cen-
tred cubic (f.c.c.) Cu (PDF # 04-0836), respectively. In
addition, there are two minor diffraction peaks (20=
36.5 and 61.5°) which is indexed to Cu,O (PDF # 65-
3288), corresponding to the (111) and (220) reflections,
respectively. It should be noted that the diffraction
peaks of Cu,O at 42.4 and 73.7° may overlap with the
(111) and (220) reflections of Cu, respectively, and the
diffraction peaks of Cu,O at 29.6° does not occur.
Therefore, the as-obtained catalyst is composed of Cu
and Cu,O phases and Cu is dominant according to
the relative intensities of both phases (Fig. 1).

The crystallite size calculation can be made using
Debye-Scherrer equation:

L =0.89 i/(B cos 0) 2

where L is the crystalline size (nm), 4 is X-ray

wavelength (1.5406 A), £ is full width at half maxi-
mum measured in radians, 6 is the Bragg diffraction
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Fig. 1. XRD pattern of as-prepared catalyst obtained
through dealloying of melt-spun Al75Cu25 alloy ribbons
and subsequent surface oxidation in air.

angle (°). Here, the as-prepared catalyst is taken as a
polycrystalline composed of Cu and Cu,O, Cu is
inside and Cu,O is outside. The average crystalline
size of Cu and Cu,O is figured out from the Debye-
Scherrer formula. The result shows that the average
crystalline size of Cu and Cu,O is about 26 and 17.5
nm, respectively. In addition, it should be noted that
CuyO particles with a diameter less than 25nm are
more stable than CuO phase [22,23], that is to say, the
Cu,O in as-prepared catalyst cannot be further
oxidized to form CuO and is stable.

Fig. 2 shows the morphology and nanoporous
structure of the as-prepared catalyst. Fig. 2(a) shows
the morphology of one as-prepared catalyst, ribbon,
and the thickness of the ribbon is about 20 pm. As
shown in Fig. 2(b), the bicontinuous interpenetrating
ligament/channel structure can be clearly seen. The
size of channels is about 30-60nm and that of liga-
ments is about 40-70 nm. The EDS result demonstrates
that the as-prepared catalyst is mainly composed of
Cu, O and a minor amount of residual Al. A typical
EDS spectrum is presented in Fig. 2(c).

3.2. Synergistic effect of Cu/Cu,O nanoporous composite
and ultrasonic wave

In order to make the synergistic effect of Cu/Cu,O
nanoporous composite and ultrasonic wave shown
fully, a series of affecting factors have been studied in
this paper. Firstly, the effect of pH value of MO solu-
tion on the degradation process was studied. The pH
value of MO solution has great influence on the degra-
dation process. Fig. 3 shows the influence of pH value
on degradation efficiency when the reaction time is 50
min, the concentration of MO solution is 20 mg/L and
the additive amount of catalyst is 0.4 g/L. From Fig. 3,
it can be seen that the degradation efficiency under
different pH values shows the following rules: pH
(7.09) >pH (5.11)>pH (9.07) >pH (3.13) >pH (1.92) >
pH (11.05) > pH (12.26). The degradation efficiency of
MO solution among pH 3.13-9.07 is all more than 94%
after 50min, especially, the degradation efficiency
reaches 100% at pH 7.09. Under strong acid and
strong alkali environment, the degradation efficiency
of MO solution is very low: the degradation efficiency
is about 24, 3.7 and 2.2% at pH 1.92, 11.05 and 12.26,
respectively.

There are two main reasons for the strong influ-
ence of pH value. On one hand, the pH value of the
solution can affect the amount of adsorbed species by
changing the surface charge [24]. In acidic solution,
surface hydroxyl group of Cu/Cu,O nanoporous com-
posite is acidic to a certain degree and they exist in
the form of -OH. While in alkaline solution, the
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Fig. 2. SEM images showing (a) as-prepared catalyst rib-
bon, (b) nanoporous structure of as-prepared catalyst and
(c) A typical EDX spectrum.

100 : e :
S
I e —
v ___,/
o 80 7. « =— PH=1.92
P ; / / e PH=3.13
§ e / —&— PH=5.11
E . / /a —v— PH=7.09
R il <— PH=9.07
5 404 K > PH=11.05
3 [ &7 —— PH=1226
=, / ,," .
¥ [ I —E———
o 20+ ] e
_-':I:/’
7
o4 s ——— —&
T T I I Y. I .. U
0 10 20 30 40 50
Time / min

Fig. 3. Influence of pH value on degradation efficiency of
MO.

surface hydroxyl group exists in the form of -O. This
change would affect the adsorption of MO onto Cu/
Cu,0O nanoporous composite. On the other hand, the
pH value of the solution has an impact on the stability
of Cuy0. Feng et al. found that monoclinic CuO film
can form above the pH value of 12, and the film thick-
ness can increase quickly with greater alkalinity [25].
In addition, the Cu,O oxide film tends to dissolve in
acidic solution, while the film thickness decreases rap-
idly with pH decreasing below 4, so it can be sup-
posed that the Cu,O oxide film covering on NPC may
have been changed into CuO at pH 11.05 in this
experiment. When the pH value is higher than 11.05,
the MO almost cannot be degraded; while, when the
pH value is lower than 3.13, the Cu,O oxide film dis-
solves gradually. Until the pH value reaches 1.92,
there is still a little residual Cu,O covering on NPC
which can degrade a small amount of MO.

The studies on the effect of additive amounts of
catalyst on the degradation process were carried out
at pH 7.09. Fig. 4 shows that the degradation effi-
ciency of MO solution under different additive
amounts of Cu/CuyO nanoporous composite catalyst.
Without catalysts, ultrasonic degradation efficiency of
MO solution is only 6.5% after 50min. With the
increase in catalyst, degradation efficiency increases
gradually and then decreases. This is because the
number of -OH increases with the increase in additive
amounts of catalyst, leading to a higher degradation
efficiency. But when the amount of the catalyst is
more, the catalyst produces a mutual shielding effect,
reducing the utilization of ultrasonic wave and thus,
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Fig. 4. Influence of additive amounts of catalyst on
degradation efficiency of MO.

making a decrease in degradation efficiency. We can
see from Fig. 4, after 50 min ultrasonic degradation,
the degradation efficiency of MO solution is 98.6, 100
and 959% with 0.2, 04 and 0.6g/L catalyst
respectively.

The effect of initial concentration of MO solution on
the degradation process was studied by varying the ini-
tial concentration of MO solution from 10 to 40 mg/L.
The additive amount of catalyst is 0.4 g/L and the pH
value is 7.09. Fig. 5 shows the relationship between the
degradation efficiency of MO solution and the initial
concentration of MO. It can be seen, from Fig. 5, that
the degradation rate of different initial concentrations
of MO solution is different in different time periods.
Therefore, different concentrations of curves produce
crosses. Although the degradation rate of different

100 4 _— -
/'. - v
s v
$ g v
£ 80+ v
= '
2
‘:,;‘ 60
=
QL
g
E 40 4 & 10 mg/L
5 o 20 mg/L
& 204 4 30 mg/L
|—*— 40 mg/L.
0
T T T T T T T T T T T
0 10 20 30 40 50

Time / min

Fig. 5. Influence of initial concentrations of MO solution
on degradation efficiency of MO.

initial concentrations of MO solution changed continu-
ously in the degradation process, the degradation
efficiency of 10, 20 and 30mg/L MO solution all
reaches to 100% after 50 min, while the degradation
efficiency of 40 mg/L MO solution is close to 96%, and
after a long time, the 40 mg/L MO solution can also be
degraded completely.

Under normal circumstances, the degradation rate
will slow down with the increase in initial concentra-
tion of dye gradually, this is because the adsorbed
amount of dye molecules on the surface of the catalyst
would increase with the increase in dye, causing the
reduction of active site producing ‘OH, and then
resulting in the decrease in dye degradation efficiency.
Of course, there are exceptions, this is mainly because
the degradation rate also depends on the chance of
dye molecules in contact with *OH [26].

As we all know, some dye wastewater often
contains some inorganic anions (such as NO;, SO,
CI', etc.), which can produce effects on the degrada-
tion of dye. In this paper, 0.01 mol/L NaCl, NaNO,,
NaNOs;, Na,SO; and Na,SO, solution were added into
20mg/L MO solution and the additive amount of cat-
alyst was 0.4g/L and the pH value was 7.09. Avoid-
ing light for 50min, the wultrasonic degradation
efficiency of MO solution is shown in Fig. 6; here the
influence of Na" is ignored [27]. We found that the
addition of Cl™ etc. inorganic anions inhibit the degra-
dation of MO. But the degradation efficiency of MO
solution containing CI", NO; and NOj can still reach
more than 92% in 50 min, while the degradation effi-
ciency of MO solution containing SO3~, SO} is 72.3
and 52.9%, respectively.

The addition of inorganic anions played two roles
in the degradation of MO [28]. The first one is that,
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Fig. 6. Influence of inorganic anions on degradation
efficiency of MO.
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inorganic anions affect the ultrasonic degradation of
MO by changing the surface charge of catalyst, result-
ing in a change of distribution of MO molecules
between the solution and catalyst surface. Another is
that, the adsorbed inorganic anions react with *OH, as
shown in Egs. (3)—(7):

Cl” +'OH — CI' + OH~ ®)
NO; +'OH — NO; + OH"~ 4)
NOj; +OH — NO; + OH~ )
SO%™ +"OH — SO3 + OH~ 6)
SO +'OH — SO, +OH"™ @)

CI', NO;, NO;, SO; and SO; are less reactive
than ‘OH, therefore, the inorganic anions hinder the
degradation efficiency of MO solution.

In order to prove that the Cu/Cu,O nanoporous
composite and the ultrasonic wave have a synergistic
effect on the degradation of MO, the experiment with-
out ultrasonic wave was carried out under dark condi-
tions. The value of pH is 7.09, the additive amount of
catalyst is 0.4 g/L and the initial concentration of MO
is 20mg/L. From Fig. 7, it can be found that the deg-
radation efficiency of MO solution is close to 12%
(curve 2). However, it is well known that the photo-
catalysts have no activity for the degradation of dyes
if without energy light. Here, it can be explained that
the adsorption of nanoporous structure a makes part
of MO to adsorb on the surface of the catalyst and
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Fig. 7. Degradation efficiency of MO (1: ultrasonic wave +
Cu/Cu,0O nanoporous composite; 2: Cu/Cu,O nanoporous
composite; 3: ultrasonic wave).

causes the decrease in the original concentration of
MO, eventually resulting in the decrease in the absor-
bance of MO. Compared with the experimental results
under the effect of ultrasonic wave, it is higher than
the degradation efficiency obtained under the effect of
ultrasonic wave alone (curve 3) and is lower nearly
90% than that obtained under the synergy of Cu/
CuyO nanoporous composite and ultrasonic wave
(curve 1).

3.3. Possible sonocatalytic mechanism of Cu/Cu,0
nanoporous composite

The application of ultrasonic wave in water with a
frequency range between 18 and 100 MHz can result the
phenomenon of acoustic cavitation [11,12,29]. Hydro-
gen radical (H), ‘OH and hydrogen peroxide (H,O,)
can be produced in this process (Egs. (8) and (9)):

H,0+))) — *H + OH ®)

Here, the sonocatalytic mechanism of MO on the sur-
face of Cu/CuyO nanoporous composite can be
explained by two relatively mature mechanisms. One
explanation is that, the ultrasonic cavitation generates
high energy light. Light can produce ‘OH with high
oxidation-activity. This makes sonocatalysis similar to
photocatalysis, and the mechanism of degradation is
depicted in Fig. 8(a). Under the high-energy light,
Cuy0O semiconductor oxide can be excited to produce
electrons and holes. The generated electrons and holes
can initiate a series of degradation reactions. Holes in
the valence band can oxidize hydroxyl ions (OH)
adsorbed on the surface of the catalyst to yield *OH
which plays an important role in degradation [30,31].
Electrons can transfer from Cu,O to Cu through the
crystal interphase, resulting in the complete separation
of electrons and holes which plays an important role
in improving catalytic activity. In addition, electrons
conducted by Cu can be captured by adsorbed oxygen
molecules (O,), leading to the generation of super
oxide radical ions (O;) [32]. O; can further interact
with H,O, resulting in OH™ and ‘OH, and then pro-
mote the degradation process of MO [33]. Finally, MO
can be oxidized into intermediates. Another explana-
tion is that, heterogeneous Cu,O catalyst absorbs ther-
mal energy produced by ultrasonic wave, causing
oxygen atoms to escape the lattice and then generate
holes. Holes can oxidize OH™ adsorbed on the surface
of the catalyst to yield *OH. Finally, MO can be oxi-
dized into intermediates by *OH (Fig. 8(b)).
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Fig. 8. Schematic diagrams for possible sonocatalytic mech-
anism of Cu/Cu,O nanoporous composite.

4. Conclusions

The Cu/Cu,O nanoporous composite catalyst was
prepared through dealloying of the melt-spun Al;sCuss
ribbons in the HCl solution and subsequent surface oxi-
dation in air. This catalyst shows superior catalytic activ-
ity towards the degradation of MO under the condition
of ultrasonic and without light. Experimental results
show that under the condition of strong acid and alka-
line, the Cu/CuyO nanoporous composite catalyst can
hardly degrade MO, which is caused by the dissolution
of CuO and the generation of CuO. Moreover, the addi-
tive amounts of catalyst, the initial concentrations of MO
and inorganic anions have a significant effect on the deg-
radation process and the catalytic activity. The best value
for the additive amounts of catalyst and the initial con-
centration of MO is 0.4g/L and 20mg/L, respectively,
and the addition of inorganic anions inhibits the degra-
dation of MO. Under the synergistic effect of Cu/Cu,O
nanoporous composite and ultrasonic wave, MO can be
degraded rapidly.
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