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ABSTRACT

Ultrasonic irradiation (US) alone usually has comparatively low ultrasonic degradation effi-
ciency for limited organic pollutants. In this research, fly ash, an industrial waste from ther-
mal power plant, was used to assist ultrasonic degradation of Acid Orange 7, a common
dye pollutant. The decolorization efficiency within 60 min by US alone, fly ash adsorption
alone and the combined process were of 3.8, 41.5, and 76.7%, respectively. The contribution
of hydroxyl radicals was investigated systematically by indirect iso-propanol quenching
method. Although more dyes were degraded by hydroxyl radicals in fly ash-assisted US
than in US alone, the contribution percentage of hydroxyl radicals in the former system was
much lower than that in the latter system, being 24.8 and 53.4%, respectively. The results
showed that pH had significant impact on the degradation efficiency of dye due to its influ-
ence on generation of hydroxyl radicals. The coexistence of chloride, sulfate, and nitrate
anions inhibited the contribution of hydroxyl radicals. In comparison to fly ash, diatomite
and tourmaline were capable of facilitating the generation of more OH radicals, while
kaoline actually reduced the contribution percentage of hydroxyl radicals.
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1. Introduction

Advanced oxidation processes (AOPs) are defined
as technologies to employ highly reactive hydroxyl
radicals as the main oxidative species for the break-
down of organic contaminants [1,2]. Along with sev-
eral decades of development, AOPs have been applied
for degradation of a large variety of organic pollutants
in wastewater treatment. As one of the AOPs, ultra-
sound technology is extensively used in laboratories,

food industry, municipal sludge treatment plants, and
cleaning applications across the commercial and
industrial sectors [3]. The ultrasonic reactions depend
upon the ultrasound-induced cavitation bubbles, and
the implosion of these bubbles could generate local-
ized temperatures and pressures on the order of
5,000 K and hundreds of atmospheres, respectively.
Consequently, thermal dissociation of water vapor
into reactive hydroxyl radicals and other radicals
occurs as the following equations [2,4,5]:

H2O ! H� þOH� (1)*Corresponding author.
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O2 ! 2�O (2)

�OþH2O ! 2HO� (3)

H� þO2 ! HO� þO (4)

Although the parent pollutants can be degraded effec-
tively and efficiently by ultrasonic irradiation (US), the
polar degradation intermediates such as low-molecu-
lar-weight organic acids generally accumulate due to
their slow degradation rate [6]. Recently, some materi-
als have been employed as catalyst to enhance the
overall remediation efficiency of sonochemical
degradation [7]. The degradation performance of ultra-
sonication can be accelerated by the presence of
heterogeneous catalyst as nucleus [3]. If the size of
catalyst particle is in the same order of magnitude as
the resonance size of cavitation bubbles, these cata-
lysts could act as cavitation nucleus [8]. As a bypro-
duct of coal combustion in power stations, large
quantities of fly ashes are produced annually, which
has to be dumped into landfills. Most recently, fly ash
has shown great potential for the remediation of
organic pollutants. For instance, Wang et al. investi-
gated the sonochemical treatment of fly ash and
subsequent application for enhanced dye adsorption
[9]. The sonochemical-treated fly ash significantly
increased the adsorption capacity. Fly ash consists of
particles in a wide range of sizes, and hydroxyl radi-
cals could be generated by fly ash under US. Hence,
in this study, fly ash from a thermal power plant was
employed to assist the degradation of organics by US.
An azo dye, Acid Orange 7 (AO7), was used as the
target pollutant subjected to the combined degradation
process.

In addition, the contribution of hydroxyl radicals
in sonochemical degradation is still not clear, although
it has been investigated in some studies [6,10]. Alco-
hols are commonly used to study the oxidation
mechanism of hydroxyl radicals (OH radicals) in
AOPs through quenching method [11–13]. One of the
alcohol 1-butanol is considered as a radical scavenger
for the gaseous region or the interfacial region of the
collapsing bubbles [10,14]. Similarly, iso-propanol
(ISP) can scavenge hydroxyl radicals and it is often
used as the quencher of hydroxyl radicals to evaluate
the production and contribution of hydroxyl radicals
[11,13,15]. The inhibitive effect of ISP on the oxidation
processes can be indicated by the decline in reaction
rate constants. Therefore, in this study, the contribu-
tion of hydroxyl radicals in AO7 degradation was
investigated by comparing the decolorization efficien-
cies and reaction rates between with and without the

addition of ISP. The effects of solution pH, coexisting
anions, and natural minerals on the contribution of
hydroxyl radicals in fly ash-assisted ultrasonic
degradation of AO7 were investigated.

2. Materials and methods

2.1. Materials and apparatus

AO7 and kaoline was purchased from Beijing
Chemical Reagents Company. AO7 was selected as a
model pollutant and used without further purification.
Fly ash was collected from Xinli electric power plant
located in Zhengzhou City (Henan province, China).
Diatomite was provided by Linjiang Meston Powdery
Materials Co. Ltd (Jilin Province, China). Tourmaline
was obtained from Mianyang Renzhiqi Novel Materi-
als Co. Ltd (Sichuan Province, China).

2.2. Degradation of AO7 by fly ash under US

Degradation of AO7 by fly ash-assisted US was
carried out in a conical flask. The effective volume of
the conical flask was 500 mL and 400 mL of AO7 solu-
tion (10 mg/L) was added. The dosage of fly ash was
3 g in 400 mL AO7 solution and solution pH was
maintained at 7.0 unless otherwise stated. Sonication
was performed in a 40 kHz ultrasonic cleaning bath
(AS3120A, Tianjin Aotesai Instrument Co., China). The
water-circulating unit was used to control water bath
temperature. In the alcohol quenching tests, the
dosage of ISP was 0.05 mol/L. Natural minerals such
as diatomite, tourmaline, and kaoline were used under
same conditions as a comparison to better understand
the contribution of hydroxyl radicals.

2.3. Analyses

The concentration of AO7 was determined by mea-
suring the maximum absorbance at a fixed wavelength
(484 nm), which corresponded to the maximum
absorption wavelength, using an UVmini-1240 spec-
trophotometer (Shimadzu, Japan). Samples were col-
lected and filtered through a 0.45 μm membrane
before analyzing.

The decrease in apparent rate constant (pseudo-
first-order) Kapp resulted from ISP quenching can be
used to indicate the contribution and contribution per-
centages of hydroxyl radicals, which was calculated as
the following equation [11,15]:

Contribution Kapp ¼ Kapp � Kapp ðquenchingÞ (5)
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Contribution percentage ¼ ð1� Kapp ðquenchingÞ=KappÞ
� 100%

(6)

The pseudo-first-order kinetics of the three processes
was simulated as:

ln ðC0=CÞ ¼ Kappt (7)

where C is the dye concentration at time t, C0 is the
initial dye concentration, and Kapp is the apparent
first-order rate constant.

3. Results and discussion

3.1. Degradation of AO7 by fly ash under US

US is one of the typical AOPs and hydroxyl radi-
cals are expected to be predominant for the decoloriza-
tion of AO7. As presented in Fig. 1, the decolorization
efficiency by US and fly ash adsorption alone achieved
3.8 and 41.5% at 60 min, respectively. For fly ash-
assisted US, the efficiency reached 76.7%, which is
much higher than the other two processes. Fly ash
adsorption alone could not generate hydroxyl radicals,
while US is capable of producing a number of oxidiz-
ing species such as hydroxyl radicals and hydrogen
peroxide [6,16]. The above results indicate that the con-
tribution of hydroxyl radicals might be prevailing for
the dye degradation by the combined process.

The effect of hydroxyl radicals on US alone and the
combined process (US/FA) was examined by ISP
quenching method, which is illustrated in Fig. 2. As presented in Fig. 2(a), the Kapp in the combined process

achieved 0.0246 min−1 (R2 = 0.99), while it decreased to
0.0185 min−1 (R2 = 0.97) in the presence of ISP. The Kapp

contributed by hydroxyl radicals was of 0.0061 min−1 in
the combined process. As a comparison, the Kapp in US
decreased from 7.55 × 10−4 min−1 to 3.52 × 10−4 min−1

after adding quenching agent, which means that con-
tribution Kapp of hydroxyl radicals was of
4.03 × 10−4 min−1. Judging from the Kapp decrease by
ISP quenching in US and the combined process, the
increased amount of hydroxyl radicals was generated
by US when fly ash was introduced. As a result, the
combined process could be regarded as a sonocatalytic
process where more hydroxyl radicals were involved in
the degradation of AO7 than US alone. Nakui and
co-workers also found in previous study that coal ash
accelerated phenol degradation and the authors
claimed it was attributed by the increase in hydroxyl
radicals [17]. Meanwhile, as presented in Fig. 2(b), the
contribution percentage of hydroxyl radicals in the
combined process and US process are of 24.8 and
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Fig. 1. Decolorization of AO7 by US, fly ash adsorption
(fly ash), and fly ash under ultrasonic irradiation (US/fly
ash).
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Fig. 2. The Kapp (a) and contribution percentages of hydro-
xyl radicals (b) for AO7 degradation in US alone and the
combined process (US/FA).
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53.4%, respectively. Obviously, the Kapp decrease is
better to indicate the effect of hydroxyl radicals more
accurately than contribution percentage.

3.2. Effect of solution pH on the contribution of hydroxyl
radicals

Solution pH conditions could influence the charge
property of AO7 and fly ash particles, and even the
degradation performance by US was expected to be
dependent on solution pH as well. The effect of solu-
tion pH on the production and contribution of hydro-
xyl radicals was investigated at pH ranging from 3.0 to
11.0. As illustrated in Fig. 3(a), the highest Kapp value of
0.0265 min−1 was observed at pH 5.0, while the Kapp

values at pH 3.0 and 11.0 were only 0.0139 and
0.0172 min−1, respectively. Apparently, neutral pH
conditions were favorable for AO7 degradation in the
fly ash-assisted US. The Kapp contribution of hydroxyl
radicals at pH 3.0, 5.0, 7.0, 9.0, and 11.0 are of

1.161 × 10−2, 8.04 × 10−3, 1.004 × 10−2, 7.78 × 10−3, and
7.90 × 10−3 min−1, respectively. As a comparison, as
illustrated in Fig. 3(b), the contribution percentage of
hydroxyl radicals at pH 3.0, 5.0, 7.0, 9.0, and 11.0 are of
57.6, 38.2, 24.8, 36.7, and 46.0%, respectively. Appar-
ently, the contribution of hydroxyl radicals was signifi-
cant under all the pH conditions examined while it was
more predominant at pH 3.0. Although both the high-
est contribution Kapp and contribution percentage of
hydroxyl radicals were observed at pH 3.0, the highest
degradation efficiency of dye was found at pH 5.0.

Some study found that at pH 10 OH�-induced reac-
tions in the aqueous phase are entirely responsible for
the ultrasonic degradation of phenol, whereas at pH 4
oxidative pyrolytic degradation is the predominating
reaction [18]. The evidence is consistent with the
aforementioned results as the oxidation mechanism by
hydroxyl radicals were prevailing under alkaline
condition. However, Jiang and co-workers found that
the ultrasonic degradation rate for 4-nitrophenol
decreased with increasing pH from 2.0 to 9.0, while
the degradation rate for aniline increased with the
increasing solution pH [19]. It seems that the degrada-
tion efficiency could vary with the organic pollutants
involved, which might be partly attributed to the reac-
tivity of these pollutants.

3.3. Effect of coexisting anions on the contribution of
hydroxyl radicals

Coexisting anions such as chloride, sulfate, and
nitrate ions might influence the decolorization process.
The effect of coexisting sulfate, chloride, and nitrate
anions on hydroxyl radicals contribution is presented
in Fig. 4. Apparently, from Fig. 4(a), the coexistence of
chloride, sulfate, and nitrate anions evidently inhibited
AO7 decolorization, especially for nitrate ions. Some
anions such as chloride, sulfate, and nitrate ions are
considered as hydroxyl radicals scavengers as they
can react with hydroxyl radicals to form weaker inor-
ganic radical anions in photocatalytic oxidation pro-
cess, as proposed in Eqs. (8)–(10) [20,21]:

Cl� þOH� ! ClOH�� (8)

NO�
3 þOH� ! NO�

3 þOH� (9)

SO2�
4 þOH� ! SO��

4 þOH� (10)

It can be deduced that chloride, sulfate, and nitrate
ions could quench hydroxyl radicals and consequently
inhibit AO7 decolorization in the combined ultrasonic
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Fig. 3. Effect of solution pH on (a) Kapp and (b) contribu-
tion of hydroxyl radicals for AO7 degradation in the com-
bined process.
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degradation process. In comparison with the Kapp con-
tribution of 0.0061 min−1 in the absence of coexisting
anions, the Kapp contribution in the presence of chlo-
ride, sulfate, and nitrate anions with a concentration
of 0.01 mol/L were of 0.00622, 0.0074, and
0.01094 min−1, respectively. As illustrated in Fig. 4(b),
the contribution percentage of hydroxyl radicals in the
presence of chloride, sulfate, and nitrate anions
achieved 25.3, 28.6, and 44.4%, respectively. The above
implies that the coexistence of chloride, sulfate, and
nitrate ions could decline the concentration of hydro-
xyl radicals.

Some researchers found that the presence of NaCl
(0.3419 and 1.3675 mol/L) increased ultrasonic
degradation efficiency of phenol, which was attributed
to the salting out effect. The increased phenol
hydrophobicity resulted from the introduction of NaCl

which forced phenol molecules move to the interfaces
of the sonication cavities, and consequently improved
the hydroxyl radicals attack on phenol molecules [22].
However, at low concentration of 0.01 mol/L, the
presence of sulfate, chloride, and nitrate anions nota-
bly decreased the degradation rate. Similarly, KBr is
known as a non-volatile scavenger which can be read-
ily oxidized by free radicals, and a decrease in sodium
dodecylbenzene sulfonate conversion was observed by
for sonochemical degradation as well. These free radi-
cals originate from the bulk liquid region and possibly
from the interfacial region of the cavitation bubble
[10,14]. Additionally, as mentioned above, the
decrease in Kapp value was evident by ISP quenching.
Referring to the effect of 1-butanol, ISP could be used
as a scavenger for the gaseous region and/or interfa-
cial region of the collapsing bubble [14]. It can be
concluded that AO7 degradation predominantly
occurred on the interfacial region, though the degrada-
tion process also partly occurred in the bulk liquid
region.

3.4. Effect of different minerals on the contribution of
hydroxyl radicals

Natural minerals such as diatomite, tourmaline,
and kaoline were used to investigate the effect of
minerals on AO7 degradation in the combined pro-
cess, as presented in Fig. 5. As presented in Fig. 5(a),
the docolorization efficiencies at 60 min for fly ash,
diatomite, tourmaline, and kaoline were of 76.7, 24.3,
22.8, and 2.3%, respectively. It is worthy to note that
the adsorption removal by fly ash reached 41.5%,
while the adsorption by the other three minerals was
insignificant. On the other hand, the contribution Kapp

of hydroxyl radicals using fly ash, diatomite, tourma-
line, and kaoline were of 1.004 × 10−2, 1.94 × 10−3,
4.37 × 10−3, and 4.83 × 10−4 min−1, respectively. As
illustrated in Fig. 5(b), the contribution percentages of
hydroxyl radicals using fly ash, diatomite, tourmaline,
and kaoline were of 24.8, 86.0, 51.9, and 6.6%, respec-
tively. The contribution percentage of diatomite and
tourmaline were particularly higher than that of fly
ash in the combined process. These results demon-
strate that diatomite and tourmaline are capable of
facilitating the generation of hydroxyl radicals, while
kaoline actually failed to catalyze the generation of
hydroxyl radicals in comparison to fly ash. Although
fly ash outperforms other minerals in terms of AO7
degradation in the combined process, the effect of fly
ash on the contribution of hydroxyl radicals was still
not so predominant as these that of diatomite and
tourmaline.
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Fig. 4. Effect of coexisting sulfate, chloride, and nitrate ions
on (a) Kapp and (b) contribution percentages of hydroxyl
radicals for AO7 degradation in the combined process.
Coexisting anions concentration, 0.01 mol/L.
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4. Conclusions

During AO7 degradation by fly ash-assisted US, the
contribution and contribution percentage of hydroxyl
radicals were investigated by indirect ISP quenching
method. The contribution of hydroxyl radicals in fly
ash-assisted US was particularly higher than that in US
alone, while the percentage of their contribution in the
combined process was especially lower than that in US
alone. Both the highest Kapp contribution and contribu-
tion percentage of hydroxyl radicals were observed at
pH 3.0, while the highest degradation efficiency was
found at pH 5.0. The coexistence of chloride, sulfate,
and nitrate ions inhibited the contribution of hydroxyl
radicals. It proved that AO7 degradation predomi-
nantly occurred on the interfacial region. Considering
the effect of fly ash, diatomite and tourmaline were cap-
able of facilitating the generation of more hydroxyl
radicals, while kaoline actually reduced the contribu-
tion percentage of hydroxyl radicals.
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