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A B S T R A C T

Nitrobenzene oxidation was executed utilizing an innovative method, in which Ag/Pb3O4 semiconductors irra-
diated by visible light were used for activation of persulfate into sulfate radicals. Batch mode experiments were
accomplished to elucidate the effect of persulfate concentrations and Ag/Pb3O4 dosages on the nitrobenzene
oxidation behaviors. The physicochemical properties of original and reacted Ag/Pb3O4 were illustrated by X-ray
diffraction analyses, UV-Vis diffuse reflectance spectra, FE-SEM images, EDS analyses, photoluminescence spectra
and X-ray photoelectron spectra, respectively. The main oxidant was hypothesized to be sulfate radicals, induced
from persulfate caused by photocatalysis of Ag/Pb3O4. It was clearly reflected on the scavenging experiments with
addition of benzene, ethanol and methanol individually. As far as degradation pathways concerned, nitrobenzene
was essentially transformed into hydroxycyclohexadienyl radicals, and sequentially converted to 2-nitrophenol, 3-
nitrophenol or 4-nitrophenol simultaneously. Denitration of nitrophenols gave rise to synthesis of phenol, fol-
lowed with generation of hydroquinone and p-benzoquinone.
1. Introduction

Nitrobenzene is a highly important raw chemical for manufacture of
polyurethane via intermediate formation of aniline. Its derivatives have
been broadly used for production of pesticides, explosives, plastics and
pharmaceuticals (Weissermel and Arpe, 1991). Because of serious risks
for inherent mutagenicity and carcinogenicity, wastewater polluted with
nitrobenzene and its derivatives would bring about great impact on the
water bodies and soil environment (Holder, 1999; Wang et al., 2011).
Therefore, effective treating manners for industrial effluent have
received much attention and been developed.

Because of resistance to biodegradation caused by the electron-
withdrawing effect of nitro groups, advanced oxidation techniques
have been wildly investigated for nitrobenzene removal in wastewater
(Zhu et al., 2007; Sun et al., 2019). As far as titanium dioxide photo-
catalyst is concerned, the nitrobenzene removal rate could be obviously
enhanced by means of impregnation of Li2O or Fe2O3, which successfully
inhibits recombination of photogenerated electrons and holes (Nitoi
et al., 2015). On the other hand, TiO2 absorbance band was effectively
shifted to the visible light range on account of doping ammonium nitrate
and cerium nitrate (Shen et al., 2009; Tayade et al., 2011). Besides, ozone
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assisted with ultrasound was applied for oxidation of nitrobenzene. The
hydroxyl radicals appear to be main oxidizing agents (Weavers et al.,
1998; Zhao et al., 2015). Ozone catalyzed with honeycomb (Al2O3-SiO2)
or ZSM-5 has been extensively studied for treatment of wastewater
contaminated with nitrobenzene (Zhao et al., 2008, 2009; Chen et al.,
2018). In another aspect, nitrobenzene decomposition rates were dras-
tically increased using an electrochemical process, wherein TiO2 nano-
tubes were incorporated into PbO2 electrode plates, leading to ordered
structure and higher specific surface areas (Chen et al., 2014; Xia et al.,
2014; Gu et al., 2018). The hydroxyl radical-based Fenton manners have
been also investigated, including Fenton's reagents (Carlos et al., 2010;
Jiang et al., 2011; Zhang et al., 2014), Fenton-like reagents (Nichela
et al., 2013; Duan et al., 2016; Sun et al., 2019), ultrasound-assisted
Fenton (Elshafei et al., 2014) and fluidization-Fenton process (Anotai
et al., 2009; Ratanatamskul et al., 2010).

Up to now, tremendous efforts have been devoted to mineralization of
nitrobenzene in wastewater with sulfate radical related processes. Per-
sulfate activated with thermal energy has been applied for oxidation of
nitrobenzene, of which degradation intermediates include 2-nitrophenol,
4-nitrophenol, 2,4-dinitrophenol and 2,6-dinitrophenol (Ji et al., 2017).
Besides, persulfate assisted with ozone could significantly enhance
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sulfate radical yields (Qiao et al., 2019). For the sake of accelerating
nitrobenzene removal, persulfate anions could be effectively transformed
into sulfate radicals by means of activation with zero-valent Zn0 (Guo
et al., 2017) or magnetized Fe0 (Pan et al., 2017; Zhang et al., 2019).
Persulfate anions activated by ultra-violet light were also used for
mineralization of nitrobenzene (De Luca et al., 2017). Nonetheless,
semiconductor activation of persulfate under visible light irradiation has
been scarcely investigated for oxidation of nitrobenzene. The luminous
energy of visible light, corresponding to the band gap energy of semi-
conductors, could excite them to generate electron-hole pairs. Persulfate
anions activated with photogenerated electrons may be converted into
sulfate radicals (Chen and Shih, 2020).

In this study, an innovative manner for nitrobenzene elimination in
aqueous phase would be established. Sulfate radicals were expected to be
generated from persulfate anions via activation of Ag/Pb3O4 irradiated
with visible light, recognized as semiconductors (Mukhopadhyay et al.,
1997; Terpstra et al., 1997; Mohammadikish and Zamani, 2018). The
effects of operating variables on the nitrobenzene removal performance
were investigated, including persulfate concentrations and Ag/Pb3O4
dosages. Additionally, nitrobenzene degradation pathways imposed by
the persulfate coupled with Ag/Pb3O4 semiconductors under visible light
irradiation were also presented.
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Figure 1. a Time-dependent modes of TOC removal percentages by Persulfate,
Pb3O4, Ag (1wt%)/Pb3O4, Ag (2wt%)/Pb3O4, Ag (3wt%)/Pb3O4, Ag (4wt
%)/Pb3O4 and Ag (5wt%)/Pb3O4, respectively under the conditions of visible
light power ¼ 103.2 W, T ¼ 318 K, persulfate concentration ¼ 100 mM and Ag/
Pb3O4 dosage ¼ 1.5 g L�1. b X-ray photoelectron spectra of Pb 4f core level for
original Ag (5wt%)/Pb3O4 and reacted Ag (5wt%)/Pb3O4 semiconductors.
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2. Experimental methods

2.1. Testing of persulfate integrated with Ag/Pb3O4 under visible light
irradiation

Experimental system accompanied with chief apparatus was con-
sulted with our previous work (Chen and Huang, 2020). The photo-
catalytic reactor was a quartz cylinder equipped with internal cooling
coils and a magnetic stirrer, wherein temperature was adjusted through a
thermostat (VWR Scientific Products Corp. 1167 Model). Visible light
was emitted along the surrounding by twelve lamps (8.6 W each) with
low-pressure mercury vapor at the wavelength peaks of 438 nm, 550 nm
and 619 nm (Philips Corp. PL-S Lamps). The synthesized feedstock at 1.0
mM concentrations of nitrobenzene (�99.9%, Riedel-de Haen), was
consistent with real concentrations of industrial wastewater (He et al.,
2009). Prior to tests, it was well blended with proportional amounts of
sodium persulfate (�99.5%, Fluka). The Ag/Pb3O4, prepared from Pb3O4
powder (99.9%, Sigma-Aldrich) impregnated by incipient wetness with
1–5 wt% of silver nitrate (�99.5%, Riedel-de Haen), respectively and
following calcination at 823 K for 3 h with 400 mesh sieving (Satdeve
et al., 2019), was packed into the basket, installed between the photo-
catalytic reactor center and walls. Within the period of tests, wastewater
was sampled from the reactor under an identical time interval, then
immediately quenched to the temperature of 273 � 0.5 K to end oxida-
tion reaction (Chen and Huang, 2015). Samples were imposed on total
organic carbon (TOC) analyses for evaluation of organic compound
content. The Ag/Pb3O4 retrieved from oxidation tests would execute
X-ray photoelectron spectroscopy (XPS). In this research, experiments
were carried out batch-wisely under a series of persulfate anion con-
centrations (80.0–140.0 mM). Further photocatalytic tests were under-
taken with diverse Ag/Pb3O4 dosages (1.2 up to 2.1 g L�1) for promotion
of nitrobenzene removal rates. All experiments were undergone to the
least extent for confirmation of data.

2.2. Total organic carbon (TOC) analysis

Within the period of tests for persulfate coupled with Ag/Pb3O4 under
visible light irradiation, samples were periodically taken and directly
analyzed using a TOC instrument (GE Corp. Sievers InnovOx). The hy-
drocarbons contained would be quantified by means of nondispersive
infrared (NDIR) analyses on carbon dioxide generated from persulfate
oxidation assisted with supercritical water conditions. In contrast, non-
hydrocarbons were transformed into carbonic acid. TOC concentrations
reported were founded on the calibration curve, established cautiously
among the range (0–4.0 mM) using potassium hydrogen phthalate
standard solutions.

2.3. Physicochemical properties of Ag/Pb3O4

The crystalline structures of original Ag/Pb3O4 semiconductors were
determined by a X-ray diffractometer (Brucker, Advance-D825A)
equipped with monochromated high-intensity CuKα radiation (λ ¼
1.5418 Å) under the accelerating voltage of 40 kV and emission current
of 30 mA at the 2θ range of 10–80�. With regard to light absorption
band of Ag/Pb3O4, the Ultraviolet-Visible diffuse reflectance spectra
were examined by means of an UV-Vis spectrometer (PerkinElmer Corp.
Lambda 850 Model). The UV-DRS obtained were among the wavelength
range of 400–800 nm on the basis of BaSO4 reference. According to
scanning operated in a field-emission scanning electron microscope (FE-
SEM, JSM-6500F, JEOL) fitted with an energy dispersive X-ray spec-
troscope (EDS, JED-2300, JEOL), Ag/Pb3O4 semiconductors were
inspected for their surface morphology and silver extents impregnated.
The photoluminescence spectra of the samples were monitored using a
fluorescence spectrophotometer, with an excitation wavelength of 325
nm, fitted with a detector of charge couple device (Hitachi, F-4500). On
the other hand, XPS profiles given from a X-ray photoelectron
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Figure 2. The XRD patterns of Pb3O4 and Ag/Pb3O4 semiconductors.

Table 1. The band gap energy of Ag/Pb3O4 semiconductors determined by UV-
DRS.

Semiconductors Band gap energy (eV)

Pb3O4 2.20

Ag (1wt%)/Pb3O4 2.10

Ag (2wt%)/Pb3O4 2.01

Ag (3wt%)/Pb3O4 1.91

Ag (4wt%)/Pb3O4 1.82

Ag (5wt%)/Pb3O4 1.72
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spectrometer integrated with a monochromatic AlKα source (Kratos
Analytical Ltd. Axis Ultra) were utilized for elucidation of electronic
states on original and reacted Ag/Pb3O4 semiconductors. The C 1s core
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Figure 3. a UV-vis diffuse reflectance spectra of Pb3O4, Ag (1wt%)/Pb3O4, Ag (2w
conductors. b FE-SEM images of the (a) Pb3O4, (b) Ag (1wt%)/Pb3O4, (c) Ag (2wt%)
semiconductors.
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level at 284.8 eV of adventitious carbon was employed as standard
binding energy.
2.4. Gas chromatography-mass spectrometry analysis (GC-MS)

Until 30 min reaction for persulfate integrated with Ag/Pb3O4 under
visible light irradiation, wastewater (300 mL) was sampled from the
photocatalytic reactor. The aqueous solution was agitated with micro-
extraction fiber coated with Carboxen/Polydimethylsiloxane (Supelco.)
for extraction of oxidative degradation intermediates. Sequentially, the
fiber was packed into a micro-needle and transferred to an injection port
th(nm)
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Figure 4. The EDS element analyses on Ag/Pb3O4 semiconductors: (a) Ag (1wt%)/Pb3O4, (b) Ag (2wt%)/Pb3O4, (c) Ag (3wt%)/Pb3O4, (d) Ag (4wt%)/Pb3O4 and (e)
Ag (5wt%)/Pb3O4.
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Table 2. The EDS element analyses on Ag/Pb3O4 semiconductors.

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

Pb3O4 52.46 47.54 0

Ag (1wt%)/Pb3O4 49.30 49.91 0.79

Ag (2wt%)/Pb3O4 48.40 49.82 1.78

Ag (3wt%)/Pb3O4 50.31 46.90 2.79

Ag (4wt%)/Pb3O4 41.04 55.28 3.68

Ag (5wt%)/Pb3O4 41.56 53.64 4.80
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on the front of gas chromatograph�mass spectrometer (Hewlett Packard
59864B/HP 5973 MASS). Helium gas was utilized as carrier gas and an
analytic capillary column was installed with dimensions of 30 m � 0.25
mm (Metal ULTRA ALLOYUA-5). According to themass spectra procured
with reference to those of standards, the major degradation in-
termediates of nitrobenzene were confidently resolved.
Wavelength(nm)

Figure 5. The photoluminescence spectra of Pb3O4 and Ag (5%)/Pb3O4 excited
at 325 nm.
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Figure 6. Effect of coexistence of benzene, ethanol and methanol respectively
on the nitrobenzene removal percentage under the conditions of visible light
power ¼ 103.2 W, T ¼ 318 K, persulfate concentration ¼ 100 mM and Ag (5wt
%)/Pb3O4 dosage ¼ 1.5 g L�1.
2.5. Scavenging effects

Upon addition of diverse scavengers, including benzene, methanol
and ethanol respectively, mineralization of nitrobenzene by persulfate
integrated with Ag/Pb3O4 under visible light irradiation was performed
for elucidation of chief oxidizing agents (Liang and Su, 2009; Lin et al.,
2013). The nitrobenzene removal percentage was directly monitored
through the peak at 262 nm shown on an UV-Vis spectrophotometer
(PerkinElmer Inc. Lambda 850) (Nichela et al., 2013). During the pretests,
benzene has been shown to be most serious scavengers. As far as assess-
ments of sulfate radical yields under various operating conditions were
concerned, appropriate amounts of benzene scavenger accompanied with
nitrobenzene were added to wastewater simultaneously to present the
decrement of nitrobenzene removal percentage. Thus, the benzene scav-
enging effect may substitute for sulfate radical yields in this work.

3. Results and discussion

3.1. Comparison of persulfate oxidation and persulfate integrated with Ag/
Pb3O4 under visible light irradiation

Figure 1a illustrates the time-flowmodes of TOC removal percentages
executed by persulfate oxidation and persulfate integrated with Ag/
Pb3O4 irradiated with visible light, respectively. Transparently, nitro-
benzene removal percentages resulted from persulfate integrated with
Ag/Pb3O4 method were much higher than those utilizing persulfate
oxidation alone and persulfate integrated with Pb3O4 process. Addi-
tionally, Ag (5%)/Pb3O4 combined with persulfate exhibited synergistic
performance as compared with photocatalytic behaviors by the Ag (5%)/
Pb3O4 and persulfate, individually. This phenomenon may be attributed
to enhancement on sulfate radical yields. It has been reported that per-
sulfate anions could be successfully converted into sulfate radicals by
activation with photocatalysis of Ag/Pb3O4 semiconductors (Sakthivel
et al., 2019). Besides, Ag metal was admitted to serve as an electron sink
and reinforced charge separation, resulting in prevention from recom-
bination of photogenerated electrons and holes on the surface of Pb3O4
(Han et al., 2012; Zhang et al., 2017). The reactions inferred are shown as
follows.

Ag/Pb3O4 þ hν → hþvb þ e�cb (1)

S2O8
2- þ e�cb → SO4�� þ SO4

2� (2)

SO4
2- þ hþvb → SO4�� (3)

wherein e�cb stands for photogenerated electrons in the conduction band
and hþvb stands for photogenerated holes in the valence band. Owing to
its higher nitrobenzene degradation efficiency, Ag (5%)/Pb3O4 was
selected as a candidate for further testing.
5

XPS measurements were executed for clarification of intrinsic elec-
tronic state of Ag (5%)/Pb3O4. Figure 1b presents the Pb 4f XPS spectra of
original Ag (5%)/Pb3O4 and Ag (5%)/Pb3O4 reacted. As regards original
Ag (5%)/Pb3O4 semiconductor, two peaks centered at 137.5 and 142.5
eV were found, which were assigned to the binding energy of Pb 4f (7/2)
and Pb 4f (5/2), respectively (Kim et al., 1973; Morgan and Van Wazer,
1973; Thomas and Tricker, 1975). Nevertheless, the binding energy of Pb
4f (7/2) and Pb 4f (5/2) of Ag (5%)/Pb3O4 has shifted to 138.6 and 143.6
eV individually after execution of nitrobenzene oxidation. It clearly
points out that Pb cations on the surface of Ag (5%)/Pb3O4 make devi-
ation to higher oxidation states as compared with original one, in view of
migration of photogenerated electrons to persulfate anions (Park et al.,
2005; Zatsepin et al., 2017). The outcomes approve above supposition
that persulfate anions could be directly activated by photogenerated
electrons into sulfate radicals. Moreover, Ag (5%)/Pb3O4 may transform
sulfate anions into sulfate radicals through the way of photogenerated



Figure 7. a Effect of persulfate concentrations on the TOC removal percentage
under the conditions of visible light power ¼ 103.2 W, T ¼ 318 K and Ag (5wt
%)/Pb3O4 dosage ¼ 1.5 g L�1. b The difference of nitrobenzene degradation
percentage between the absence of benzene and presence of benzene under the
conditions of visible light power ¼ 103.2 W, T ¼ 318 K and Ag (5wt%)/Pb3O4

dosage ¼ 1.5 g L�1, monitored by UV-Vis and served as scavenging effect.

W.-S. Chen, Y.-C. Liu Heliyon 7 (2021) e06984
holes (Kanca and Uner, 2018). It provides other oxidants for nitroben-
zene oxidation.

3.2. Physicochemical properties of Ag/Pb3O4

The XRD patterns of Ag/Pb3O4 semiconductors are demonstrated in
Figure 2. Most peaks can be matched to crystal planes of Pb3O4 (Poll and
Payne, 2015). The diffraction peak at 2θ values of 38.2o can be assigned
to (111) plane of Ag metal (Anbu et al., 2019). It indicates that an
insignificant amount of Ag metal was deposited on the surface of Pb3O4.
Figure 3a illustrates the UV-vis diffuse reflectance spectra (DRS) of
Ag/Pb3O4. The spectra of Ag/Pb3O4 and Pb3O4 exhibit similar strong
absorbance band between the wavelength of 400 and 550 nm, which is at
the visible light region. Especially, the absorbance intensity of Ag/Pb3O4
was higher than that of Pb3O4. It shows that Ag/Pb3O4 semiconductors
are more sensitive to the visible light irradiation. The observation could
be also attributed to Ag metal dopant, supplying an electron sink and
inhibiting recombination of photogenerated electrons with holes on the
surface of Pb3O4 (Han et al., 2012; Zhang et al., 2017). Further, the band
gap energy of Ag/Pb3O4 was determined in accordance with the Tauc's
equation [(αhν)1/n¼ A (hν-Eg)], in which hν represented incident energy.
The “n” value was set at the value of 1/2 based on the electronic tran-
sition state of semiconductors. The variation of (αhν)2 versus incident
energy (hν) was plotted to procure the band gap energy by intercepting
the tangent to the X-axis (Maji et al., 2011; �Stengl and Grygar, 2011;
Kamaraj et al., 2018). Thus, the band gap energy of Pb3O4 was estimated
to be 2.20 eV, corresponding to the publication (Sharon et al., 1986). The
band gap energy of a series of Ag/Pb3O4 semiconductors with Ag metal
doped increasingly was determined to be 2.10, 2.01, 1.91, 1.82 and 1.72
eV, respectively (see Table 1). The superior photocatalytic behavior
possessed by Ag (5%)/Pb3O4 could be interpreted with significant
induced electron production, caused by lower band gap energy and more
responsive to visible light irradiation. Apparently, the photo energy of
visible light could excite Ag/Pb3O4 semiconductors to generate
electron-hole pairs. Persulfate anions could be transformed into sulfate
radicals by means of activation of photogenerated electrons, whereas
photogenerated holes may convert sulfate anions into sulfate radicals
simultaneously (see Eq. (2) and Eq. (3)).

FE-SEM images of Ag/Pb3O4 semiconductors are presented in
Figure 3b. It clearly shows that the major surface of Pb3O4 was smooth.
Instead, some irregularly shaped pellets deposited on Pb3O4 were
observed referring to Pb3O4 doped with Ag metal. More clumps of pellets
existed with increasing Ag loading. It seems that Ag metal was well
dispersed on the surface of Pb3O4. The EDS element analyses on Ag/
Pb3O4 semiconductors are presented in Figure 4. The weight percentages
of Ag measured were consistent with those impregnated calculatedly (see
Table 2). Figure 5 illustrates photoluminescence spectra of Pb3O4 and Ag
(5%)/Pb3O4 excited at 325 nm. The main peak intensity of the latter was
obviously lower than that of the former. It reveals that Ag (5%)/Pb3O4
exhibited lower recombination rate of photogenerated electron-hole
pairs. The results support the issue of enhancement on photogenerated
electrons of Pb3O4 by impregnation of Ag metal.

3.3. Effect of dosage of scavengers on persulfate integrated with Ag/Pb3O4
under visible light irradiation

Equals of benzene, ethanol and methanol respectively accompanied
with nitrobenzene were agitated in wastewater to make clear reactive
radicals originated from persulfate integrated with Ag/Pb3O4 under
visible light irradiation. As illustrated in Figure 6, nitrobenzene removal
percentages were seriously declined upon addition of benzene. The re-
action rate constant between benzene and sulfate radicals has been
estimated to be 3 � 109 M�1 s�1 (Liang and Su, 2009). Alternatively,
ethanol and methanol input suppressed nitrobenzene abatement
moderately. Ethanol and methanol reacted with sulfate radicals at the
rate constants of 7.7 � 107 M�1 s�1 and 3.2 � 106 M�1 s�1 separately
6

(Neta et al., 1988). Noticeably, the decay extent of nitrobenzene removal
percentages agrees with the reactive trend among scavengers and sulfate
radicals. It convinces us that sulfate radicals seem to be responsible for
nitrobenzene oxidation in wastewater.
3.4. Effect of persulfate concentrations on persulfate integrated with Ag/
Pb3O4 under visible light irradiation

The optimal persulfate concentration used is an important issue from
an economic point of view. As given in Figure 7a, TOC removal per-
centages by a series of persulfate concentrations were presented in the
time-flow mode. Apparently, the increment on persulfate concentrations
raised nitrobenzene removal rates. As expected, high yields of sulfate



Table 3. Compositions of feedstock and degradation intermediates identified by
GC-MS.

Component m/z (relative abundance, %)

Feedstock

Nitrobenzene 50 (15.5), 51 (37.6), 65 (13.4), 74 (8.8), 77 (100), 78 (7.2),
93 (16.8), 123 (69.9), 124 (5.8)

Degradation
intermediate

2-Nitrophenol 39 (15.5), 53 (9.5), 63 (20.0), 64 (13.8), 65 (25.2), 81
(19.5), 93 (8.0), 109 (17.9), 139 (100)

3-Nitrophenol 38 (6.5), 39 (35.7), 53 (10.5), 63 (14.6), 64 (7.7), 65 (63.6),
81 (15.7), 93 (51.1), 139 (100)

4-Nitrophenol 39 (44.1), 53 (23.0), 62 (13.9), 63 (27.9), 65 (79.8), 81
(32.8), 93 (26.8), 109 (66.9), 139 (100)

Phenol 38 (5.0), 39 (12.3), 40 (6.8), 55 (6.2), 63 (6.3), 65 (20.7), 66
(27.1), 94 (100), 95 (7.5)

Hydroquinone 39 (6.8), 53 (14.2), 54 (12.7), 55 (10.4), 81 (25.2), 82
(12.0), 110 (100), 111 (5.9), 143 (9.4)

p-Benzoquinone 26 (17.9), 52 (17.7), 53 (17.0), 54 (63.1), 80 (28.1), 82
(36.0), 108 (100), 109 (8.0), 110 (11.9)
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Figure 9. The photocatalytic stability of Ag (5wt%)/Pb3O4 examined by means
of repetitions of five tests.

Figure 8. a Effect of Ag (5wt%)/Pb3O4 dosages on the TOC removal percentage
under the conditions of visible light power ¼ 103.2 W, T ¼ 318 K and persulfate
concentration ¼ 120 mM. b The difference of nitrobenzene degradation per-
centage between the absence of benzene and presence of benzene under the
conditions of visible light power ¼ 103.2 W, T ¼ 318 K and persulfate con-
centration ¼ 120 mM, monitored by UV-Vis and served as scavenging effect.
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radicals could be produced under the circumstance of high persulfate
concentrations. However, the degradation efficiency of nitrobenzene was
declined at the excess persulfate concentration (140 mM). The observa-
tion may be interpreted with happenings of unexpected reactions be-
tween sulfate radicals and overdosage of persulfate anions (Hou et al.,
2012; Lin et al., 2013). Moreover, photocatalytic oxidation of nitroben-
zene with the existence of benzene was carried out simultaneously to
distinguish sulfate radicals yields by the scavenging effect (see
Figure 7b). Surely, the scavenging effect monitors dramatically an anal-
ogous tendency with both sulfate radical yields and TOC removal modes.
Thus, it supports that sulfate radicals were main oxidants.

3.5. Effect of Ag/Pb3O4 dosage on persulfate integrated with Ag/Pb3O4
under visible light irradiation

An optimal dosage of Ag/Pb3O4 semiconductor should be inevi-
tably developed for promotion of nitrobenzene removal rate. The
7

dosage effect referred to photocatalysis of Ag/Pb3O4 on persulfate
activation was shown in Figure 8a. Naturally, TOC removal percentage
increased with increasing dosages of Ag/Pb3O4, whereas it diminished
for overdosage of Ag/Pb3O4 (≧ 2.1 g L�1). The enhancement on the
nitrobenzene decomposition rate may be interpreted with intense
activation of persulfate anions by photocatalysis of Ag/Pb3O4, result-
ing in high yields of sulfate radicals. Nonetheless, visible light irra-
diation would be scattered and less semiconductors were exposed to
the light on account of excessive dosage of Ag/Pb3O4 powder (Jyothi
et al., 2014). Nitrobenzene degradation efficiency exhibited an iden-
tical trend as benzene scavenging effect (see Figure 8b). It implies that
sulfate radicals were main oxidizing agents toward elimination of
nitrobenzene. Particularly, the optimal conditions for overall oxida-
tion of nitrobenzene within 60 min were found as follows: visible light
power ¼ 103.2 W, T ¼ 318 K, persulfate concentration ¼ 120 mM and
Ag/Pb3O4 dosage ¼ 1.8 g L�1. In this study, the photocatalytic sta-
bility of Ag/Pb3O4 was examined by means of repetitions of five tests
(shown in Figure 9). It clearly indicates that nitrobenzene removal
efficiency reached to nearly 98% within the experiments. The results



Figure 10. Plausible degradation pathways of nitrobenzene in wastewater by persulfate integrated with Ag/Pb3O4 under visible light irradiation.
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convince us the feasibility of practical application of Ag/Pb3O4 for
wastewater disposal.
3.6. Reaction pathways of nitrobenzene by persulfate integrated with Ag/
Pb3O4 under visible light irradiation

All ingredients extracted from nitrobenzene oxidation using persul-
fate cooperated with Ag/Pb3O4 under visible light irradiation were
analyzed through a GC-MS spectrometer. Table 3 summarizes the com-
ponents acquired, including nitrobenzene feedstock, 2-nitrophenol, 3-
nitrophenol, 4-nitrophenol, phenol, hydroquinone and p-benzoquinone.
As far as 2-nitrophenol, 3-nitrophenol and 4-nitrophenol are concerned,
they appear to be descended from hydroxycyclohexadienyl radicals,
which execute O2 addition and sequential HO2� elimination to give hy-
droxylated products (Neta et al., 1988; Anipsitakis et al., 2006). It shows
explicitly the occurrence of nitrophenol denitration due to detection on
phenol (Zhou et al., 2015). Then, phenol was partially oxidized into
hydroquinone, which would be successively transformed into p-benzo-
quinone by way of hydrogen abstraction. The ultimate products for
nitrobenzene oxidation are composed of nitrate ions (sensed at UV-Vis
313 nm), carbon dioxide and water. In light of oxidative degradation
intermediates authenticated, the probable pathways for nitrobenzene
oxidation by persulfate integrated with Ag/Pb3O4 irradiated with visible
light could be demonstrated in Figure 10.

4. Conclusions

According to previous discussion, nitrobenzene pollutants were pre-
dominantly mineralized by reactive sulfate radicals, originated from
persulfate anions activated with photocatalysis of Ag/Pb3O4 semi-
conductors. It was strongly advocated through scavenging experiments,
wherein nitrobenzene removal rates were suppressed sequentially by
benzene, ethanol and methanol. In accordance with GC-MS analyses, the
plausible degradation pathways for nitrobenzene oxidation are hypoth-
esized as follows. Nitrobenzene was preliminarily converted into
hydroxycyclohexadienyl radicals, which proceeded with subsequent
oxidation to 2-nitrophenol, 3-nitrophenol and 4-nitrophenol, indepen-
dently. Evidently, nitrophenol species were denitrated into phenol.
Further oxidation of phenol gave rise to sequential synthesis of hydro-
quinone and p-benzoquinone. In the end, nitrobenzene would be
completely mineralized into nitrate ions, carbon dioxide and water. The
dramatic outcomes persuade us that persulfate combined with Ag/Pb3O4
8

under visible light irradiation is an effective manner for industrial
wastewater treatment.
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