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a b s t r a c t
Nitrobenzene oxidation was executed by means of a novel process, wherein persulfate anions were 
combined with Ag/PbO semiconductors activated by ultrasound. Batch-wise experiments were 
accomplished to investigate the influence of ultrasonic power intensity, persulfate concentrations, 
and Ag/PbO dosages, respectively, on the nitrobenzene removal efficiency. Owing to pronounced 
scavenging effects exhibited by benzene, ethanol, and methanol individually, the principal oxidiz-
ing agent was sensibly presumed to be sulfate radicals, which could be generated from persulfate 
anions activated with sonocatalysis of Ag/PbO. The optimal conditions for complete elimination of 
nitrobenzene were found as follows: ultrasonic power intensity = 240 W cm–2, T = 318 K, persulfate 
concentration = 70 mM, and Ag/PbO dosage = 1.3 g L–1. As far as oxidation pathways are con-
cerned, nitrobenzene was initially transformed into hydroxycyclohexadienyl radicals, followed by 
the formation of 2-nitrophenol or 4-nitrophenol. Denitration of nitrophenol compounds makes the 
synthesis of phenol, which was sequentially converted into hydroquinone and p-benzoquinone.
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1. Introduction

Nitrobenzene is an extremely important petrochemical 
for the production of polyurethane through the reaction 
pathway of aniline. Its derivatives have been also applied 
for the manufacturing dyes, explosives, pesticides, and 
pharmaceutical industry [1]. Nonetheless, the wastewater 
contaminated with nitrobenzene and related derivatives 
would cause a serious impact on the environment due 
to its inherent mutagenicity and plausible carcinogenic-
ity [2,3]. The industrial effluent disposal was always an 
objective to be investigated.

Owing to the electron-withdrawing effect of the nitro 
group on the biodegradation inhibition, advanced oxida-
tion processes have been extensively developed for the 

decomposition of nitrobenzene in wastewater [4]. With 
regard to methods for titanium dioxide, the nitrobenzene 
removal rate by photocatalysis could be significantly accel-
erated over TiO2 impregnated with Fe2O3 or Li2O, which 
effectively retards recombination of photogenerated holes 
and electrons, resulting in enhancement of hydroxyl rad-
ical numbers [5]. Besides, the absorption band of TiO2 
could be broadly shifted to the visible light range using a 
sol–gel manner with impregnation of ammonium nitrate 
and cerium nitrate [6,7]. On the other hand, hydroxyl rad-
icals derived from ozone under ultrasonic irradiation were 
used for the mineralization of nitrobenzene. The cavitation 
strength seems to be a crucial factor [8,9]. Ozone integrated 
heterogeneously with honeycomb (Al2O3–SiO2) [10–14] 
or ZSM-5 [15] has been wildly employed for disposal of 
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wastewater contained nitrobenzene. The electrochemical 
processes also showed effective oxidation ability for nitro-
benzene by means of incorporation of TiO2 nanotubes into 
PbO2 electrode plates, leading to high specific surface areas 
and ordered orientation [16–18]. Moreover, hydroxyl radi-
cal-based Fenton processes have been explored, including 
homogeneous Fenton’s reagents [19,20], heterogeneous 
Fenton reagents [21], Fenton-like reagents [22–25], Fenton/
ultrasound [26], and fluidized-bed Fenton process [27,28].

Recently, oxidative degradation of nitrobenzene in 
wastewater via sulfate radical-based processes has achieved 
much interest. Heat-activated persulfate technique was 
applied for decomposition of nitrobenzene, of which reac-
tion intermediates include 2-nitrophenol, 4-nitrophenol, 
2,4-dinitrophenol, and 2,6-dinitrophenol [29]. Besides, per-
sulfate integrated with either Fe(II)/UV or O3 was verified 
to be an efficient method on account of the significant gen-
eration of sulfate radicals [30,31]. Persulfate anions could 
be successfully activated via either zero-valent Zn0/ultra-
sound [32] or magnetized Fe0 [33,34]. As regards acoustic 
processes, the cavitation phenomenon would come into 
occurrence with steady emission of sonoluminescence 
simultaneously, of which wavelength was believed to fall in 
the region of 200–700 nm [35,36]. The luminous energy of 
sonoluminescence, in coincidence with the bandgap energy 
of some semiconductors, could stimulate them to generate 
electron–hole pairs. Persulfate anions may be transformed 
into sulfate radicals via activation with previous sono- 
induced electrons [37].

In this work, a novel process for the elimination of nitro-
benzene in wastewater would be established. Persulfate 
anions could be greatly converted into sulfate radicals upon 
activation with both ultrasound and sonocatalysis of Ag/
PbO, recognized as semiconductors [38–41]. The influen-
tial factors on the nitrobenzene removal performance were 
investigated, including ultrasonic power intensity, persul-
fate concentrations, and Ag/PbO dosages. Additionally, 
nitrobenzene oxidation pathways by the persulfate inte-
grated with Ag/PbO under ultrasonic irradiation were 
also presented.

2. Experimental methods

2.1. Testing of persulfate coupled with Ag/PbO under 
ultrasonic irradiation

Fig. 1 depicts the schematic illustration of the over-
all experimental apparatus. The ultrasonic irradiation 
was supplied at the frequency of 20 kHz with adjustable 
power intensity (Chrom Technol. Corp., USA, UP-800 
Model), wherein a titanium probe (F13 mm × 60 mm) was 
partially immersed into the aqueous solution. The dou-
ble jacket cylinder served as the sonocatalytic reactor, in 
which Ag/PbO was packed into a basket (PIIN JIA Technol. 
Corp., JC-A16 Model). The temperature of wastewater 
was maintained at 318 ± 0.5 K by a thermostat referred 
to our previous work [42]. According to real situation of 
industrial wastewater, the synthesized feedstock, com-
posed of 1.0 mM concentrations of nitrobenzene (≥99.9%, 
Riedel-de Haen) [43], was well-agitated with proportional 
weight of sodium persulfate (≥99.5%, Fluka). The Ag/PbO, 

synthesized from PbO powder impregnated by incipi-
ent wetness with various concentrations of silver nitrate 
(≥99.5%, Riedel-de Haen) and sequentially calcined at 823 K 
for 3 h and sieved over 400 mesh [44], was located into the 
basket. Within the course of tests, wastewater was sampled 
from the reactor at the same time interval, immediately 
cooled to temperature of 273 ± 0.5 K to quench oxidation 
reaction [45]. Total organic carbon (TOC) analyses were 
carried out on the samples to evaluate the organic com-
pound content. The Ag/PbO retrieved after oxidation tests 
would execute X-ray photoelectron spectroscopy (XPS).

In this research, experiments were performed batch-
wisely under a series of ultrasonic power intensities of 
120, 180, 240, and 300 W cm–2 (as quoted by the manufac-
turer). Additionally, four tests with changeable persulfate 
anion concentrations (50.0–80.0 mM) were carried out. The 
sonocatalytic tests were also undertaken with diverse Ag/
PbO dosages (0.7 up to 1.6 g L–1) for enhancement of nitro-
benzene removal rate. Experiments were conducted under 
various initial pH values (3.0–7.0) to elucidate the oxidants 
for nitrobenzene oxidation, wherein the acidity of waste-
water was adjusted through the addition of appropriate 
amounts of sulfuric acid solution (0.1 M). On the other 
hand, the adsorption testing was undergone to disclose the 
physical adsorbability of nitrobenzene on the Ag/PbO. The 
conical flasks, containing wastewater (300 mL) at 1.0 mM 
nitrobenzene and designed amounts of Ag/PbO, were sit-
uated in the shaker (Deng Yng Corp., DKW-50L Model, 
Taiwan) with a vibration speed of 120 rpm for 6 h. The 
residual nitrobenzene in wastewater would be determined 
using a TOC instrument. In this study, all experiments 
were performed to the least extent for validation of data.

2.2. Total organic carbon analysis

Within the period of tests for persulfate integrated 
with Ag/PbO under ultrasonic irradiation, wastewater 

Fig. 1. Scheme of the experimental apparatus employed by per-
sulfate integrated with Ag/PbO under ultrasonic irradiation.



127W.-S. Chen, T.-Y. Chang / Desalination and Water Treatment 226 (2021) 125–136

was regularly withdrawn and directly undergone analyses 
using a TOC instrument (GE Corp., USA, Sievers InnovOx). 
The hydrocarbons involved would be quantified by a 
non-dispersive infrared (NDIR) instrument through car-
bon dioxide generated from persulfate oxidation with the 
assistance of supercritical water conditions. Conversely, 
the non-hydrocarbon was transformed into carbonic acid. 
TOC concentrations reported were based on the calibration 
curve, established precisely among the range (0–4.0 mM) 
utilizing potassium hydrogen phthalate standard solutions.

2.3. Physicochemical properties of Ag/PbO

For a series of Ag/PbO semiconductors, the ultravio-
let-visible diffuse reflectance spectra (DRS) were procured by 
means of an UV-vis spectrometer (PerkinElmer Corp., USA, 
Lambda 850 Model). The UV-DRS obtained were among the 
wavelength range of 380–800 nm based on the reference of 
BaSO4. According to scanning from a field-emission scanning 
electron microscopy (FE-SEM, JSM-6500F, JEOL) equipped 
with energy-dispersive X-ray spectroscopy (EDS, JED-
2300, JEOL), Ag/PbO semiconductors were examined for 
their surface morphology and weight content of silver-im-
pregnated. Besides, XPS profiles, given by the X-ray pho-
toelectron spectrometer coupled with the monochromatic 
AlKα source (Kratos Analytical Ltd., UK, Axis Ultra), were 
used to elucidate electronic states on original and reacted 
Ag/PbO semiconductors. The C 1s core level at 284.8 eV 
for adventitious carbon served as standard binding energy.

2.4. Gas chromatography-mass spectrometry analysis

After 3 h operation testing for persulfate coupled 
with Ag/PbO under ultrasonic irradiation, the amount of 
300 mL wastewater was withdrawn from the sonocata-
lytic reactor. The sample was mixed with microextraction 
fiber made of Carboxen/Polydimethylsiloxane (Supelco., 
USA), to adsorb oxidative degradation intermediates. 
Then, the fiber was retracted into a protective needle and 
sequentially inserted into an injection port of gas chroma-
tography-mass spectrometer (Hewlett Packard 59864B/HP 
5973 MASS, USA). Helium gas served as carrier gas and 
an analytic capillary column was used with dimensions of 
30 m × 0.25 mm (Metal ULTRA ALLOY UA-5). According 
to the mass spectra obtained with reference to those of 
standards, the majority of degradation intermediates of 
nitrobenzene were confidently determined.

2.5. Scavenging effects

By means of the addition of various scavengers, such 
as benzene, ethanol, and methanol, respectively, mineral-
ization of nitrobenzene using persulfate integrated with 
Ag/PbO under ultrasonic irradiation was carried out for 
elucidation of chief oxidizing agents [46,47]. The nitroben-
zene removal percentage was directly examined through 
the peak at 262 nm shown on a UV-vis spectrophotome-
ter (PerkinElmer Inc., USA, Lambda 850) [21]. For com-
parison of sulfate radical yields under different operating 
conditions, appropriate amounts of benzene scavenger 
were added to wastewater accompanied with nitrobenzene 

simultaneously to present the decrement of nitroben-
zene removal percentage. Thus, the benzene scavenging 
index may substitute for sulfate radical yields in this study.

3. Results and discussion

3.1. Comparison of persulfate oxidation and persulfate coupled 
with Ag/PbO under ultrasonic irradiation

Fig. 2a presents the time-dependent patterns of TOC 
removal percentage executed by persulfate oxidation and 
persulfate coupled with Ag/PbO, respectively, activated 
with ultrasound. Apparently, the nitrobenzene removal 
percentage caused by persulfate integrated with Ag/PbO 
process was much higher than those using persulfate oxi-
dation alone and persulfate integrated with PbO process. 
This phenomenon may be interpreted with enhancement 
on sulfate radical yields. It has been acknowledged that 
persulfate anions activated by ultrasound [42] or sono-
catalysis of Ag/PbO semiconductors [48,49] could be 
converted into sulfate radicals. Additionally, Ag metal 
was admitted to function as an electron sink and rein-
forced charge separation, leading to inhibition of recom-
bination of sonogenerated electrons with holes on the 
surface of PbO and promotion of persulfate activation 
[50,51]. The reactions inferred are shown as follows:

S2O8
2– + ))) → 2SO4

•– (1)

Ag/PbO + ))) → h+
vb + e–

cb
 (2)

S2O8
2– + e–

cb → SO4
•– + SO4

2– (3)

SO4
2– + h+

vb → SO4
•– (4)

wherein e–
cb stands for sonogenerated electrons in the con-

duction band and h+
vb stands for sonogenerated holes 

in the valence band.
The adsorption tests for Ag/PbO semiconductors 

were performed in the dark in order to make clear the 
nitrobenzene removal routes. The results clearly indicate 
that nitrobenzene adsorbed physically over the Ag/PbO 
was present in trace (Fig. 2b). Obviously, nitrobenzene is 
expected to be abated via an oxidation pathway.

3.2. Physicochemical and optical properties of Ag/PbO

The FE-SEM images of Ag/PbO semiconductors are 
demonstrated in Fig. 3. As shown in Fig. 3a, the most sur-
face of PbO was smooth. Nonetheless, for consideration 
of PbO doped with Ag metal, some irregularly shaped 
particles in clumps deposited on PbO were observed (refer 
to Figs. 3b–f). As the amount of Ag loaded was increased, 
more clumps of particles existed. It points out that Ag was 
well-dispersed on the surface of PbO. The EDS element anal-
yses on Ag/PbO semiconductors are listed in Table 1. It shows 
that the weight percentage of Ag measured on the surface 
of PbO was consistent with that impregnated theoretically.

Fig. 4 illustrates the UV-vis DRS of Ag/PbO semicon-
ductors. The spectrum of PbO exhibits strong absorbance 
between the wavelength of 430 and 610 nm, which belongs 
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to the visible light region. Especially, the spectra of Ag/PbO 
present a sharp absorbance peak near the wavelength of 
420 nm and a broader absorbance between the wavelength 
of 450 and 650 nm. It appears that Ag/PbO semiconductors 
are more responsive to visible light irradiation than PbO. 
The observation may be ascribed to Ag metal dopant, sup-
plying an electron pool and preventing recombination of 
photogenerated electrons with holes on the surface of PbO 
[52,53]. Furthermore, the bandgap energy of Ag/PbO was 
estimated in accordance with Tauc’s equation [(αhn)1/n = A(hn 
– Eg)], in which hn means incident energy. The “n” value was 
commonly set as the value of 1/2 or 2 based on the electronic 
transition state of semiconductors. The variation of (αhn)2 
vs. incident energy (hn) was drawn to evaluate the bandgap 
energy, obtained by intercepting the tangent to the X-axis 
[54–56]. Thus, the bandgap energy of PbO was estimated to 
be 1.99 eV, consistent with the publication by Droessler et al. 
[57]. The bandgap energy of a series of Ag/PbO semiconduc-
tors was determined between 1.60 and 1.83 eV, lower than 
that of PbO (Table 2). It is worthy that Ag/PbO was benefi-
cial to activate persulfate for oxidation of nitrobenzene under 
ultrasound (Fig. 2a). The superior sonocatalytic behavior 
over Ag(5%)/PbO may be attributed to much enhancement 
on charge conduction and lower bandgap energy, more sen-
sitivity to visible light, and sonoluminescence. Owing to the 
higher degradation efficiency of nitrobenzene, Ag(5%)/PbO 
was chosen as a candidate for further tests. In this study, 
the energy of sonoluminescence, certainly greater than the 
bandgap energy of the Ag/PbO semiconductors, could 
excite them to generate electron–hole pairs. The sonogen-
erated electrons in the conduction band may activate per-
sulfate anions into sulfate radicals, whereas sonogenerated 

holes in the valence band may also convert sulfate anions into 
sulfate radicals (Eqs. (3) and (4)).

XPS measurements were performed for clarification of 
intrinsic electronic state of Ag(5%)/PbO. Fig. 5 presents the 
Pb 4f XPS spectra of original Ag(5%)/PbO and Ag(5%)/PbO 
reacted. With regard to original Ag(5%)/PbO semiconduc-
tor, two peaks centered at 138.7 and 143.7 eV were observed, 
which were assigned to the binding energy of Pb 4f(7/2) and 
Pb 4f(5/2), respectively [58–60]. Nevertheless, the binding 
energy of Pb 4f(7/2) and Pb 4f(5/2) of Ag(5%)/PbO has shifted 
to 139.9 and 144.8 eV individually after nitrobenzene oxida-
tion testing. It clearly indicates that Pb cations on the sur-
face of Ag(5%)/PbO make a deviation to higher oxidation 
states in comparison with the original one, due to migra-
tion of sonogenerated electrons to persulfate anions [61,62]. 
The outcomes approve the above hypothesis that persulfate 
anions could be activated by sonogenerated electrons into 
sulfate radicals. Besides, Ag(5%)/PbO may adsorb sulfate 
anions [63], which were sequentially transformed into sul-
fate radicals by means of sonogenerated holes. It would 
make partial contributions to degradation of nitrobenzene.

3.3. Effect of dosage of scavengers on persulfate 
coupled with Ag/PbO under ultrasonic irradiation

Equivalent concentrations of benzene, ethanol, and 
methanol, respectively, accompanied with nitrobenzene 
were blended in wastewater to clarify reactive radicals 
for persulfate integrated with Ag/PbO activated by ultra-
sound. As illustrated in Fig. 6, the nitrobenzene removal 
percentage was obviously declined upon the addition of 
benzene. The rate constant between benzene and sulfate 
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Fig. 2. (a) Time-dependent patterns of TOC removal percentage by PbO, Ag(1 wt.%)/PbO, Ag(2 wt.%)/PbO, Ag(3 wt.%)/
PbO, Ag(4 wt.%)/PbO and Ag(5 wt.%)/PbO, respectively, under the conditions of ultrasonic power intensity = 240 W cm–2, 
T = 318 K, persulfate concentration = 60 mM and Ag/PbO dosage = 1.0 g L–1. (b) Time-dependent patterns of TOC removal per-
centage by means of adsorption on the surface of PbO, Ag(1 wt.%)/PbO, Ag(2 wt.%)/PbO, Ag(3 wt.%)/PbO, Ag(4 wt.%)/PbO and 
Ag(5 wt.%)/PbO, respectively, in the dark under the conditions of T = 318 K, PbO dosage = 1.0 g/L or Ag/PbO dosage = 1.0 g/L.
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 3. FE-SEM images of the (a) PbO, (b) Ag(1 wt.%)/PbO, (c) Ag(2 wt.%)/PbO, (d) Ag(3 wt.%)/PbO, (e) Ag(4 wt.%)/PbO and 
(f) Ag(5 wt.%)/PbO semiconductors.
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radicals has been reported to be 3 × 109 M–1 s–1 [46]. In 
another aspect, ethanol and methanol input inhibited 
the abatement of nitrobenzene moderately. Ethanol and 
methanol reacted with sulfate radicals at the rate con-
stants of 7.7 × 107 and 3.2 × 106 M–1 s–1, separately [64]. 
Transparently, the decay of nitrobenzene removal percent-
age corresponds with the reactive trend among scavengers 
and sulfate radicals, whereas the rate constants between 
scavengers and hydroxyl radicals make an insignificant 
difference. It reveals that sulfate radicals were responsible 
for nitrobenzene oxidation in wastewater.

3.4. Effect of ultrasonic power intensity on persulfate 
coupled with Ag/PbO under ultrasonic irradiation

As far as ultrasonic energy efficiency is concerned, the 
ultrasonic power intensity executed on persulfate cou-
pled with Ag/PbO was varied. TOC removal percentages 
at the time-dependent format were shown in a variety of 
ultrasonic power intensity (Fig. 7a). It is evident that the 
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Ag(5 wt.%)/PbO semiconductors.

Table 1
EDS element analyses on Ag/PbO semiconductors

Semiconductor Pb (wt.%) O (wt.%) Ag (wt.%)

PbO 56.6 43.4 0
Ag(1 wt.%)/PbO 55.31 43.85 0.84
Ag(2 wt.%)/PbO 55.35 42.82 1.83
Ag(3 wt.%)/PbO 51.49 45.47 3.04
Ag(4 wt.%)/PbO 52.15 44.06 3.79
Ag(5 wt.%)/PbO 54.67 40.44 4.89

 Fig. 5. X-ray photoelectron spectra of Pb 4f core level for original 
Ag(5 wt.%)/PbO and reacted Ag(5 wt.%)/PbO semiconductors.
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Fig. 6. Effect of coexistence of benzene, ethanol, and metha-
nol, respectively, on the nitrobenzene degradation percentage 
under the conditions of ultrasonic power intensity = 240 W cm–2, 
T = 318 K, persulfate concentration = 60 mM, and Ag(5 wt.%)/
PbO dosage = 1.0 g L–1.

Table 2
Band-gap energy of Ag/PbO semiconductors determined by 
UV-DRS

Semiconductors Band-gap energy (eV)

PbO 1.99
Ag(1 wt.%)/PbO 1.83
Ag(2 wt.%)/PbO 1.79
Ag(3 wt.%)/PbO 1.70
Ag(4 wt.%)/PbO 1.65
Ag(5 wt.%)/PbO 1.60
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nitrobenzene decomposition rate increased with an increase 
of ultrasonic power intensity. The yield of sulfate radicals 
was expected on increasing, caused by more cavitation 
events. Conversely, the highest power intensity imposed 
(300 W cm–2) was adverse to the nitrobenzene removal 
efficiency. The ultimate operating conditions would result 
in significant enhancement on the quantity of microbub-
bles, which intended to grow together into larger bubbles 
and diminished cavitation strength. Therefore, ultrasonic 
energy efficiency was reduced and gave rise to the forma-
tion of lesser amounts of sulfate radicals. This phenom-
enon was directly reflected in the trend of the scavenging 
index (Fig. 7b). An analogous declaration was pointed out 
by Sivakumar and Pandit et al. [65] and Sivakumar et al. 
[66], of which research evaluated the optimal ultrasonic 
power intensity. Furthermore, the ultrasound would bring 
about degassing effect in the aqueous phase [67]. The amount 
of hydroxyl radicals descended from oxygen and sono-
generated electrons over Ag/PbO would reduce (refer to 
Eq. (5)) as a result of decrement in oxygen gas dissolved. 
Nonetheless, higher ultrasonic power intensity accelerated 
nitrobenzene removal rate. It means that sulfate radicals 
played an important role in oxidation of nitrobenzene:

O2 + 2H2O + 3e–
cb → 3OH– + •OH (5)

3.5. Effect of persulfate concentrations on persulfate 
coupled with Ag/PbO under ultrasonic irradiation

The optimal persulfate concentration applied is an 
important issue as regards economic consideration. As 
given in Fig. 8a, the TOC removal percentage at the time- 
dependent format was presented in a series of persulfate 

concentrations. It is apparent that the nitrobenzene removal 
rate increased upon increasing persulfate concentrations. 
Thanks to the existence of high persulfate concentrations, 
high yields of sulfate radicals were expected to be pro-
duced. In contrast, the decomposition rate of nitroben-
zene was decreased at the excess persulfate concentration 
(80 mM). The observation may be ascribed to the occurrence 
of unexpected reactions between sulfate radicals and over-
dosage of persulfate anions [47,68]. Moreover, nitroben-
zene oxidation was carried out in the presence of benzene 
simultaneously to distinguish yields of sulfate radicals by 
the scavenging index (Fig. 8b). As expected, the scaveng-
ing index displays dramatically a similar tendency with 
both sulfate radical yields and TOC removal patterns. Thus, 
it advocates that sulfate radicals were the main oxidants.

3.6. Effect of Ag/PbO dosage on persulfate coupled 
with Ag/PbO under ultrasonic irradiation

An optimal dosage of Ag/PbO semiconductor needs 
to be established for promotion degradation efficiency of 
nitrobenzene. The dosage effect referred to sonocataly-
sis of Ag/PbO on persulfate activation is shown in Fig. 9a. 
Obviously, the TOC removal rate increased with increasing 
dosages of Ag/PbO, whereas it decreased under the over-
dosage of Ag/PbO (=>1.6 g L–1). The enhancement on the 
nitrobenzene oxidation rate may be attributed to stronger 
activation of persulfate anions by sonocatalysis of Ag/PbO 
(refer to Eq. (3)), leading to high yields of sulfate radicals. 
Nonetheless, acoustic waves would be retarded on account 
of the excess of Ag/PbO powder (=>1.6 g L–1) [69,70]. TOC 
degradation rate exhibited an identical trend as the scaveng-
ing index (Fig. 9b). It implies that sulfate radicals were the 

Fig. 7. (a) Effect of ultrasonic power intensity on the TOC removal percentage under the conditions of T = 318 K, persul-
fate concentration = 60 mM, and Ag(5 wt.%)/PbO dosage = 1.0 g L–1. (b) Difference of nitrobenzene degradation percentage 
between the absence of benzene and presence of benzene under the conditions of T = 318 K, persulfate concentration = 60 mM, 
and Ag(5 wt.%)/PbO dosage = 1.0 g L–1, detected by UV-vis and served as scavenging index.
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main oxidizing agents toward the decomposition of nitro-
benzene. Particularly, the optimal conditions for complete 
oxidation of nitrobenzene were found as follows: ultra-
sonic power intensity = 240 W cm–2, T = 318 K, persulfate 
concentration = 70 mM and Ag/PbO dosage = 1.3 g L–1.

3.7. Effect of initial pH values on persulfate coupled with Ag/PbO 
under ultrasonic irradiation

For the sake of enhancing the mineralization of nitro-
benzene, the acidity of wastewater was usually changed. 

Fig. 10 illustrates the time-dependent format of TOC 
removal percentage under a series of initial pH values. 
Obviously, the nitrobenzene decomposition efficiency 
showed an insignificant difference among the pH values 
tested (3.0–7.0). The observation may be interpreted with 
the self-decomposition of persulfate anions partially into 
peroxymonosulfate (refer to Eq. (6)) [71]. The acidity of 
wastewater would drop nearly to the pH value of 2.0 upon 
the addition of persulfate anions for all initial pH values 
mentioned. Despite of difference in initial pH values, nitro-
benzene oxidation was performed at approximate acidity 

Fig. 8. (a) Effect of persulfate concentrations on the TOC removal percentage under the conditions of ultrasonic power inten-
sity = 240 W cm–2, T = 318 K, and Ag(5 wt.%)/PbO dosage = 1.0 g L–1. (b) Difference of nitrobenzene degradation percentage between 
the absence of benzene and presence of benzene under the conditions of ultrasonic power intensity = 240 W cm–2, T = 318 K 
and Ag(5 wt.%)/PbO dosage = 1.0 g L–1, detected by UV-vis and served as scavenging index.

Fig. 9. (a) Effect of Ag(5 wt.%)/PbO dosages on the TOC removal percentage under the conditions of ultrasonic power inten-
sity = 240 W cm–2, T = 318 K, and persulfate concentration = 70 mM. (b) Difference of nitrobenzene degradation percentage between 
the absence of benzene and presence of benzene under the conditions of ultrasonic power intensity = 240 W cm–2, T = 318 K, 
and persulfate concentration = 70 mM, detected by UV-vis and served as scavenging index.
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of pH 1.6 to 2.0, wherein sulfate radicals were recognized 
to be the main oxidants [46,72]. Thus, it supports that 
sulfate radicals were principal oxidizing agents:

S2O8
2– + H2O → H2SO5 + SO4

2– (6)

3.8. Reaction pathways of nitrobenzene by persulfate 
coupled with Ag/PbO under ultrasonic irradiation

All organic compounds extracted at the duration 
performed by persulfate cooperated with Ag/PbO under 
ultrasonic irradiation were analyzed using a GC-MS spec-
trometer. Table 3 summarizes the components acquired, 

including nitrobenzene feedstock, 2-nitrophenol, 4-nitro-
phenol, phenol, hydroquinone, and p-benzoquinone. For 
consideration of 2-nitrophenol and 4-nitrophenol, they 
seem to be derived from hydroxycyclohexadienyl radicals, 
which undergo O2 addition and sequential HO2

• elimina-
tion to form hydroxylated products [64,73]. It indicates 
explicitly the occurrence of nitrophenol denitration on 
account of detection of phenol [74]. Then, phenol was par-
tially oxidized into hydroquinone, which would be succes-
sively converted into p-benzoquinone by way of hydrogen 
abstraction. The ultimate products for nitrobenzene oxi-
dation consist of nitrate ions (sensed at UV-vis 313 nm), 
carbon dioxide, and water. In light of degradation inter-
mediates authenticated, the possible pathways for nitro-
benzene oxidation by persulfate integrated with Ag/PbO 
activated with ultrasound could be demonstrated in Fig. 11.

4. Conclusions

According to the above discussion mentioned, nitro-
benzene contaminants were predominantly mineralized by 
reactive sulfate radicals, descended from persulfate inte-
grated with Ag/PbO semiconductors activated with ultra-
sound. It was supported by the scavenging experiments, 
wherein nitrobenzene removal rates were retarded sequen-
tially with benzene, ethanol, and methanol. In accordance 
with GC-MS analyses, the plausible pathways for nitroben-
zene oxidation are hypothesized as follows. Nitrobenzene 
was preliminarily transformed into hydroxycyclohexadi-
enyl radicals, subsequent oxidation to 2-nitrophenol and 
4-nitrophenol, independently. Nitrophenol species were 
evidently denitrated to phenol. Oxidation of phenol resulted 
in the sequential synthesis of hydroquinone and p-benzo-
quinone. In the end, nitrobenzene could be entirely mineral-
ized into nitrate ions, carbon dioxide, and water. It deserves 
to note that nitrobenzene in wastewater was totally abated. 
The dramatic results persuade us that persulfate com-
bined with Ag/PbO under ultrasonic irradiation may be a 
potential manner for wastewater disposal.

Fig. 10. Effect of initial pH values on the TOC removal 
percentage under the conditions of ultrasonic power intensity = 
240 W cm–2, T = 318 K, persulfate concentration = 70 mM and 
Ag(5 wt.%)/PbO dosage = 1.3 g L–1.

Fig. 11. Plausible degradation pathways of nitrobenzene in aqueous solution by persulfate coupled with Ag/PbO under ultrasonic 
irradiation. 
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