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In this work, the decolorization of azo dye Orange G (OG) in aqueous solution by aluminum powder
enhanced by ultrasonic irradiation (AlP-UI) was investigated. The effects of various operating operational
parameters such as the initial pH, initial OG concentration, AlP dosage, ultrasound power and added
hydrogen peroxide (H2O2) concentration were studied. The results showed that the decolorization rate
was enhanced when the aqueous OG was irradiated simultaneously by ultrasound in the AlP-acid sys-
tems. The decolorization rate decreased with the increase of both initial pH values of 2.0–4.0 and OG ini-
tial concentrations of 10–80 mg/L, increased with the ultrasound power enhancing from 500 to 900 W.
An optimum value was reached at 2.0 g/L of the AlP dosage in the range of 0.5–2.5 g/L. The decolorization
rate enhanced significantly by the addition of hydrogen peroxide in the range of 10–100 mM to AlP-UI
system reached an optimum value of 0.1491 min�1. The decolorization of OG appears to involve primarily
oxidative steps, the cleavage of N@N bond, which were verificated by the intermediate products of OG
under the optimal tested degradation system, aniline and 1-amino-2-naphthol-6,8-disulfonate detected
by the LC–MS.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Azo dye is a significant part of synthetic textile dyes and repre-
sents the largest class of dyes applied in textile processing. The azo
dyes are poorly biodegradable pollutants with toxicity, mutagenic-
ity and carcinogenicity, and have aroused a serious environmental
problem because of these characteristics. The traditional treatment
techniques include physical, chemical, and biological treatment,
such as adsorption [1–3], coagulation [4], photo-catalysis [5,6],
ozonation [7], and biosorption [8–10], however, these treatments
are usually high costs, time-consuming, and limited applicability.

Advanced oxidation processes (AOPs) can be defined broadly as
the processes that generate and attack of the hydroxyl radicals in
sufficient quantities to oxidize a wide range of organic chemicals
in wastewater. Hydroxyl radicals are powerful oxidizing reagents
with an oxidation potential of 2.33 V, which is substantially higher
than other oxidants such as hydrogen peroxide, permanganate
ions, etc. AOPs involving the Fenton reaction [11,12], wet air
oxidation [13], ozonation [14,15], electrolysis [16], photolysis
[17,18], cavitation [19,20], radiolysis [21], ultrasonic irradiation
[22–24], ultraviolet (UV) radiation [25] and their combinations
[26–29] are widely studied for the decomposition of large kinds
of hazardous organic compounds.

Ultrasonic irradiation is considered as an advanced oxidation
process since hydroxyl radicals are generated as a result of ultra-
sonic cavitation. The ultrasonic cavitation is created by the ultra-
sonic waves in the range of 20–1000 kHz being transmitted
throughout an aqueous solution in a sonochemical process or son-
olysis [30]. The ultrasonic cavitation is defined as the formation,
growth, and subsequent implosive collapse of vapor or gas filled
cavities occurring in an extremely small interval of time, releasing
enormous magnitudes of energy [31,32]. During the collapse pro-
cess, the hydrophobic volatile organic pollutants in water can
undergo high-temperature pyrolysis in the gas phase inside the
bubbles, and the non-volatile, hydrophilic species can be degraded
by �OH at the bubble surface or in bulk solution. Besides chemical
effects, ultrasound irradiation can also produce a number of phys-
ical effects such as microstreaming, microjets, shock waves [32,33].
However, the use of ultrasonic cavitation reactors at large scale
poses critical problems such as lower energy efficiencies and
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higher investment costs [34,35]. Moreover, the process of ultra-
sonic cavitation usually takes a long processing time in order to
achieve complete mineralization of pollutants.

The combination of ultrasound irradiation and other different
AOPs such as photocatalytic oxidation [36], electrochemical [37],
ozonation [38,39], and particularly advanced Fenton process and
Fenton like processes [40] has been reported to be much more effi-
cient and promising for the oxidative removal of organic pollutants
than the treatment alone. In the recent past, less attention has been
paid to the reductive degradation using the zero-valent aluminum
(ZVAl). The ZVAl is a strong reducing agent (E0 = �1.662 V) that has
a standard reduction potential more negative than zero-valent iron
(E0 = �0.43 V) [41,42]. As well as the zero-valent iron, the degrada-
tion capable of ZVAl also rely on the amounts of in situ generation
of reactive oxygen species (ROS) including hydrogen peroxide
(H2O2), superoxide radical (O2

��), and hydroxyl radical (�OH), which
are capable of oxidizing contaminants that cannot be well removed
by ZVAl reductively. The mechanism of the ZVAl to form hydroxyl
radical could be described as follows [43,44]:

2Al0 þ 3O2 þ 6Hþ ! 2Al3þ þ 3H2O2 ð1Þ

Al0 þ 3H2O2 ! Al3þ þ 3�OHþ 3OH� ð2Þ

First, it can be seen that the reduction of O2 on zero valent alu-
minum (Al0) in the acid conditions leads to form H2O2 and subse-
quently generate �OH via Fenton like reactions (Eqs. (1) and (2)).
Surprisingly, to the best of our knowledge, no reports on the pollu-
tant degradation using the combination of ZVAl and ultrasonic irra-
diation (ZVAl–UI) can be found. As expected, the formed H2O2 both
in the interface of gaseous bubble and in solution (Eqs. (3) and (4))
due to the pyrolysis of water can be utilized to produce more
amounts of hydroxyl radicals by reaction with ZVAl. Consequently,
the ZVAl–UI process should be a suitable method to increase the
efficiency of degradation process:

H2OþÞÞÞ !� OHþ� H ð3Þ

�OHþ� OH! H2O2 ð4Þ

Orange G (OG) is a typical reactive azo dye and extensively used
in the dyeing of textile fabrics. The chemical structure of OG is
shown in Fig. 1. The decolorization methods of OG in wastewater
including adsorption [45,46], sonolysis [47], biotransformation
[48], UV/TiO2 [49,50] and Fenton processes [51] had been reported.
However, there are no reports about the decolorization of OG via
the ZVAl under ultrasonic irradiation. In general, the surface of Al
is covered with oxide film due to oxidizability of ZVAl, and the
hydrochloric acid solution is usually used to remove the oxide film,
NS OO

ONa

N

OH

S

O

O

NaO

Fig. 1. Molecular structure of azo dye Orange G.
which is not suitable in practice [39]. As mentioned above, ultra-
sonic irradiation provides a straightforward method of using AlP
instead of ZVAl due to the chemical and physical effects of ultra-
sound irradiation. This prompted us first to study decolorization
of azo dye Orange G using AlP-UI. The results are expected to pro-
vide fundamental knowledge for the treatment of wastewater con-
taining hydrophilic pollutants via AlP-UI. The effects of various
operating operational parameters including the initial pH, initial
OG concentration, AlP dosage, ultrasound power and added H2O2

concentration were studied.
2. Experimental

2.1. Chemicals and solvents

Orange G and hydrogen peroxide were purchased from Huipu
Chemical&Apparatus Co. (Hangzhou, China). Aluminum powder
(purity >99%, particle size 38–48 lm, surface covered with native
aluminum oxide layer) were obtained from Kelon Chem. (Shang-
hai, China). Other reagents with analytical grade or high perfor-
mance liquid chromatography (HPLC) grade were obtained from
Huipu Chemical&Apparatus Co. (Hangzhou, China). The concentra-
tion of the purchased hydrogen peroxide (H2O2) solution (30 wt.%)
was calibrated by titration with potassium permanganate [52]. All
chemicals were used as received. The water employed was sup-
plied by a Milli-Q water purification system from Millipore (Mols-
heim, France).

2.2. Experimental methodology

The decolorization of OG using the UI, AlP-acid and AlP-UI were
carried out under different conditions. An ultrasonic immersion-
probe liquid processor (TJS-3000, Fuyang Chenggong Ultrasonic
Co., China) with tapered type titanium probe (1.6 cm diameter)
operating at 20 kHz was used for the decolorization experiments
by the UI and AlP-UI. The ultrasonic electrical power was in the
range of 0–900 W. All reactions with a total suspension volume
of 250 mL for 180 min were carried out in 500 mL double walled-
type reactor and water was circulated between the walls in order
to keep the temperature constant at 25 ± 1 �C. Samples were col-
lected at designated time intervals and filtered using membrane
filters (0.45 lm pore size). The concentration of OG was analyzed
by measuring the absorbance of dye solution at 478 nm using a
TU-1901 UV-spectrophotometer (Persee General Co., Beijing,
China). All experiments were repeated three times and the average
values are reported. The temperature of reaction systems was con-
tinuously monitored at about 25 ± 1 �C by a thermocouple con-
nected to a digital thermometer (DS18B20, Dallas Crop, USA).

Hydrogen production experiments of the reaction of aluminum
powder, sodium hydroxide and water were conducted to check the
peel effect of ultrasonic irradiation. The method and equipment
used to quantify hydrogen production yields were similar to the
reference [53]. In these experiments, the used aluminum powder
were washed thrice for 5 min in 0.1 mol/L of hydrochloric acid
(HCl) in order to remove the surface oxidation layers, rinsed with
deionized water, and dried at 30 �C under an Ar atmosphere.

2.3. Detection technique

The OG decolorization products were determined by an Agilent
1100 series LC/MSD Trap SL System (Agilent Technologies Inc., Ger-
many), consisting of a quaternary pump (G1311A), a column ther-
mostat (G1316A), a degasser unit (G1379A), an autosampler
(G1313A), and an ion trap mass spectrometer with an electrospray
ion (ESI) source. The LC/MSD Trap SL system was controlled, and
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data were analyzed, with a computer equipped with LC/MSD Trap
Software 4.2 (Bruker). The chromatographic separation was carried
out on a Phenomenx Gemini C18 column (150 mm � 2.0 mm i.d.,
5 lm) by using a mixture of acetonitrile/10 mmol/L ammonium
acetate solution (20:70, v/v) as the mobile phase in isocratic eluent
at a constant flow rate of 0.25 mL/min. The column temperature
was held at 30 �C, and the injection volume was 25 lL. MS detec-
tion was performed in positive ESI mode with a full scan mass
spectrum over the m/z range 50–500. The operating conditions
for ESI were dry gas (nitrogen) pressure 60 psi, auxiliary gas (nitro-
gen) flow 9.0 L/min, a capillary voltage 3.5 kV, capillary tempera-
ture 325 �C and dwell time 200 ms.

3. Results and discussion

3.1. Decolorization by three different treatments

The decolorization of OG was investigated using three different
treatments including UI, AlP-acid and AlP-UI. The experiments
were investigated when the initial OG concentration is 10 mg/L,
initial pH value is 3.0, AlP dosage is 2.0 g/L and ultrasound power
is 900 W. As shown in Fig. 2, the decolorization efficiency of OG
by AlP-UI within 180 min was 62.4%, which was higher that of
22.0% and 37.3%, for AlP-acid and UI, respectively. The decoloriza-
tion rate of 0.0057 min�1 under AlP-UI was also much higher
0.0042 min�1 of the sum of 0.0028 min�1 and 0.0014 min�1 by UI
and AlP-acid, respectively, showing a certain synergistic effect.
The observed synergistic effect is attributed to the increasing
amount of hydroxyl radicals. Under the single UI, the formed
H2O2 both in the interface of gaseous bubble and solution are
unavailability for hydrophilic azo dye OG. However, in the AlP-UI
system, these hydrogen peroxides are utilized to produce hydroxyl
radicals by the reaction with the ZVAl which are oxidized to Al3+ as
shown in Eq. (2). Moreover, the covered aluminum oxide can also
used to generate hydroxyl radicals by providing contact sites for
these hydrogen peroxides, which is widely used in the hydrogen
peroxide production via anthraquinone [54]. Furthermore, the UI
increase the decomposition of the AlP-induced H2O2. Liu et al.
[55] found that although up to 51 mmol/L H2O2 was generated in
the AlP-acid system, no bisphenol A was removed over the 12 h
reaction, indicating that the transformation of the formed H2O2

to OH radical is not immediately happened. However, when hydro-
gen peroxide was subjected to UI, the cavitation-induced thermal
effect accelerate the decomposition of hydrogen peroxide to reac-
tive species [56]. However, the decolorization rate was lower than
Fig. 2. Decolorization of Orange G using three different processes. (Experimental
conditions: [AlP] = 2.0 g/L, [OG]0 = 10 mg/L; pH = 3.0, ultrasound power = 900 W.)
0.01347 min�1 obtained at our lab under Sono-Fenton like reaction
at the OG initial concentration of 10 mg/L, initial pH value of 3, Fe0

concentration of 500 mg/L, ultrasonic power of 300 W. This may
due to the covered oxide film at the surface of Al.
3.2. Effect of initial pH value

The effect of different initial pH value of solution on the decol-
orization rate of OG was investigated at different pH in the range
2.0–4.0 with initial OG concentration of 10 mg/L, AlP concentration
of 2.0 g/L, ultrasound of 900 W. As shown in Fig. 3, the rate of
decolorization increases with the decreasing initial solution pH,
indicating that acidic conditions is much more suitable for the
decolorization of OG dye. The decolorization efficiency of 98.8%
within 120 min was achieved at pH value of 2.0. There was very lit-
tle difference in removal value between pH at 2.0 and 2.5 within
180 min, the decolorization efficiency within 180 min was 71.2%,
67.0% and 51.1% at pH 3.0, 3.5, 4.0, respectively, which are consid-
erably lower than that obtained at pH 2.0. The decolorization rate
of 0.0499 min�1 at pH 2.0 is much higher than 0.0249 min�1 at pH
2.5 in 120 min. These observed experimental results can be
explained as follows: first, the formation and accumulation of OH
radicals in the liquid bulk produced from H2O2 dissociation under
sonolysis is much higher at pH = 2 than pH = 4.0, which contributes
to the comparably higher decolorization rate [57]. It was widely
reported that the lower pH is more favorable to degrade organic
dyes [58,59]. Secondly, the production of OH radicals induced from
ZVAl (Eqs. (1) and (2)) is also highly favored under acidic condi-
tions. Similar results that the degradation is more effective under
pH < 3.5 acidic conditions in ZVAl–UI system were also reported
[39]. Hydrogen production experiments of the reaction of alumi-
num powder, sodium hydroxide and water were conducted using
5 g aluminum powder treated using 0.1 M HCl solution as men-
tioned in the experimental section and treated using 10 min of
900 W UI at pH of 2.0, and non-treated AlP, respectively. The
results showed that about more 1.67 and 1.12 L hydrogen gas
was produced using acid-treated AlP and UI-treated AlP, respec-
tively, than that of non-treated AlP which produce about 4.69 L
hydrogen gas under atmospheric pressure. This result indicated
that the non-treated aluminum powders are consist of zero valent
Al and aluminum powders covered with oxide film. Using the UI-
treated AlP at pH of 2.0 as the aluminum resource, more 0.89 L
hydrogen gas was produced than that of at pH of 4.0. This result
also indicated that the lower pH is more favorable to peel the
Fig. 3. Effect of initial pH on the decolorization rate of Orange G. (Experimental
conditions: [AlP] = 2.0 g/L, [OG]0 = 10 mg/L, ultrasound power = 900 W.)



Fig. 5. Effect of aluminum powder dosage on the decolorization rate of Orange G.
(Experimental conditions: [OG]0 = 10 mg/L, pH = 3.0, ultrasound power = 900 W.)

Fig. 6. Effect of ultrasound power on the decolorization rate of Orange G.
(Experimental conditions: [OG]0 = 10 mg/L, pH = 3.0, [AlP] = 2.0 g/L.)
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aluminum powder covered with oxide film to zero valent Al for
ultrasonic irradiation.

3.3. Effect of initial Orange G concentration

The effect of OG initial concentrations in the range of 10.0–
80.0 mg/L on the decolorization rate was also investigated at pH
3.0, ZVAl concentration 2.0 g/L, ultrasonic power 900 W. As shown
in Fig. 4, the decolorization efficiency decrease with the increasing
initial OG concentration within 180 min. The decolorization effi-
ciency decrease from 71.2% to 34.2%, and decolorization rate
decrease from 0.090 to 0.025 min�1 as the initial concentration of
OG increase from 10 to 80 mg/L. The main mechanisms of the
decolorization of OG is the reactions of hydroxyl radicals with
the N@N bond with generation of nitrosoaryl intermediates or
the CAN bond resulting in aniline as one of the intermediate
products in bulk solution [60,61]. Generally, the concentration of
non-surfactant hydrophilic OG will not change the amounts of
generated-OH radicals concentration [62]. The increasing OG
concentration will change the ratio of OG to OH radicals. When
the ratio reaches a certain values, the further increasing OG con-
centrations will cause no significant change in decolorization rate.

3.4. Effect of zero valent aluminum dosage

In order to study the effect of AlP dosage, five different AlP dos-
ages in the range from 0.5 to 2.5 g/L in 250 mL aqueous solution
were investigated when the initial pH value is 3.0, OG concentra-
tion is 10 mg/L, ultrasonic power is 900 W. As shown in Fig. 5,
the decolorization efficiency increase from 62.4% to 71.2%,
and the decolorization rate increase from 0.0057 min�1 to
0.0090 min�1 with the increasing of AlP dosage from 0.5 g/L to
2.0 g/L. The AlP dosage of 2.0 g/L was found to be optimum in
the OG decolorization. The decolorization efficiency and decolor-
ization rate decrease beyond the AlP dosage of 2.0 g/L. The
enhanced OG decolorization rates with higher AlP loadings is due
to the increase of reaction surface area of AlP, which support more
reactive sites to produce the �OH radicals for cavitation-induced
and AlP-induced H2O2. However, the decolorization rate decrease
when the AlP loading was >2.0 g/L, which may due to the facts
including both dissolution of native oxide layer and corrosion of
AlP and metal aluminum led to Al3+, H2, Al(OH)3 and H+ (Eqs. (5)
and (6)), which affect the cavitation events and the cavitation-
induced �OH and H2O2:
Fig. 4. Effect of Orange G initial concentration on the decolorization rate.
(Experimental conditions: [AlP] = 2.0 g/L, pH = 3.0, ultrasound power = 900 W.)

Fig. 7. Effect of H2O2 concentration on the decolorization rate of Orange G.
(Experimental conditions: [OG]0 = 10 mg/L, pH = 3.0, [AlP] = 2.0 g/L, ultrasound
power = 900 W.)



Fig. 8. The total ion chromatogram (TIC) of the OG decolorization solution by LC–MS in the positive ESI mode (A), the mass spectrometry of the peak at the run time of 4.0 min
(B), and the mass spectrometry of the peak at the run time of 5.7 min (C). In (A), peak 1: unknown, 2: aniline, 3: unknown, 4: 1-amino-2-naphthol-6,8-disulfonate, 5:
unknown, 6: OG.
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2Alþ 6Hþ ! 2Al3þ þ 3H2 " ð5Þ

Al3þ þ 3H2O! AlðOHÞ3 þ 3Hþ ð6Þ
3.5. Effect of ultrasound power

The effect of ultrasound power in the range from 500 to 900 W
on the decolorization rate was investigated at pH = 3.0, the initial
OG concentration is 10 mg/L, the AlP concentration is 2.0 g/L, and
the results were shown in Fig. 6. As can be seen from Fig. 6, both
the decolorization efficiency and rate increase up to optimum
and then remained almost unchanged. This result is similar to
other reported studies [39,63,64]. As mentioned above, the decol-
orization of OG is �OH dependent. The increasing acoustic power
increase the number of active cavitation bubbles, and result in
the higher collapse temperature and more OH radicals [65–67].
In addition, the cavitation-induced effects including acoustic
microstreaming increase the surface area and reactivity of AlP,
and improve the mass transport of the reactants and by-products
by cleaning and sweeping of the AlP surface [68]. In the other hand,
at higher acoustic power with larger values in acoustic amplitude,
the cavitation bubbles grow during the rarefaction cycle to the very
large values of the maximum radius, but are unable to undergo
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complete collapse during the compression phase due to insuffi-
cient collapse times. Therefore, these bubbles are not transient,
and continue to either oscillate under stable cavitation conditions,
or grow large enough to escape from the liquid through buoyancy
and mass convection [66]. Briefly, the increase of UI power also
leads to the insufficient collapse of the cavitation bubbles and
reduce the amount of OH radicals.

3.6. Effect of the H2O2 addition

The addition of hydrogen peroxide used as an effective source of
hydroxyl radicals is an important parameter for the enhancement
of decolorization rate. In this work, five H2O2 addition concentra-
tions between 0 and 100 mmol/L on the decolorization rate were
investigated when the initial pH = 3, AlP concentration is 2.0 g/L,
ultrasound power is 900 W. As shown in Fig. 7, the decolorization
efficiency and rate increase with the increasing H2O2 addition from
0 to 80 mmol/L and decrease beyond the H2O2 addition of
80 mmol/L. The result indicates that there is an optimum concen-
tration of H2O2 for the decolorization of OG dye. The addition of
hydrogen peroxide can be attributed to an effective source of OH
radicals and a higher cavitational intensity, which leads to the for-
mation of a higher amount of OH radicals [69]. However, the exces-
sive H2O2 as radical scavenger also can reduce the amounts of
effective OH radicals [70].

3.7. Detection of the decolorization products

Fig. 8 shows the total ion chromatogram (TIC) of the OG decol-
orization solution, which was decolorized under the optimal tested
degradation system for 30 min, by LC–MS in the positive ESI mode.
It can be seen that aniline and 1-amino-2-naphthol-6,8-disulfonate
are detected at the run time of 4.0 min and 5.7 min, respectively.
Both compounds were derived from the breakage of the N@N bond
in OG molecule, and also verificated that the decolorization of OG
appears to involve the primarily oxidative cleavage of N@N bond.
4. Conclusion

The aluminum powder-acid system irradiated by ultrasound is
an effective method for the decolorization of azo dye OG in aque-
ous solution. The decolorization rate is dependent on the operating
parameters including the initial pH, initial OG concentration, AlP
dosage and ultrasound power. The decolorization rate can be
enhanced significantly by the addition of hydrogen peroxide due
to the additional hydroxyl radicals. More work is required to deter-
mine the precise mechanism based on detection results of decolor-
ization products, which can provide fundamental knowledge for
the treatment of wastewater containing OG and/or other azo dyes
by the AlP-UI process.
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