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ABSTRACT

4-Nitrobenzoic acid is stable, toxic, and non-biodegradable. Conventional methods for
wastewater treatment are ineffective for the treatment of 4-nitrobenzoic acid. In this study,
the degradation efficiency of 4-nitrobenzoic acid by ultrasound in the presence of zero-va-
lence zinc (Zn) was reported. The operating parameters were optimized, and the potential
mechanisms were investigated. The results showed that there was a significant synergetic
effect between ultrasound and Zn, and the synergetic factor was 2.26. The optimized treat-
ment conditions were as follows: Initial pH 7.0 and Zn dosage of 0.4 g/L, under which the
4-nitrobenzoic acid degradation efficiency reached more than 85% after 30 min. The poten-
tial mechanisms included hydroxylation and the mechanical effect of ultrasound and the
reduction and particle effects of Zn, which enhanced each other. The determination of inter-
mediate products indicated that the catalytic degradation of 4-nitrobenzoic acid started with

the destruction of the nitro group.
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1. Introduction

Due to the rapid growth of industrial applications,
a large amount of nitrobenzene compounds have been
discharged into water bodies. The nitrobenzene com-
pounds are known as stable, toxic, and non-
biodegradable pollutants that induce threats to the
environment. Conventional methods for wastewater
treatment are not efficient in eliminating nitrobenzene
compounds. Advanced oxidation processes (AOPs)
are the preferred solution for these refractory com-
pounds. AOPs are based on physicochemical pro-
cesses that oxidize and mineralize pollutants into CO,,

*Corresponding author.

N,, water, and mineral acids, such as sulfuric and
hydrochloric acids, by means of highly oxidizing
agents, mainly hydroxyl radicals [1].

Ultrasonic oxidation, as a typical AOP, has been
used to treat refractory organic pollutants and has
showed high efficiency [2-5]. US results in the forma-
tion, growth, and collapse of cavitation bubbles. Sub-
sequently, millions of hotspots with extreme
conditions (5,000 K and 1,000 atm) are generated in
water, and hydroxyl free radicals and other oxidative
species are created [6-8]. With the action of ultrasonic
irradiation, contaminants can be transformed to
biodegradable substances with low toxicity and can
even be mineralized. However, US alone is inefficient
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for the degradation of some pollutants [9,10]. To
improve the degradation efficiency, a solid catalyst
was introduced into the ultrasonic system, resulting in
a higher efficiency [11-13].

Zero-valence zinc (Zn) showed high catalytic activ-
ity in the degradation of pollutants. Research studies
have used Zn in the treatment of nitrobenzene and
chlorinated organic compounds including dichlor-
oethylene, dichloroacetylene, and trichloroethylene
[14,15]. In the treatment of trichloroethylene, the
degradation efficiency of Zn was 10 times that of zero-
valence iron [16]. Zn was also reported to be effective
in the treatment of trichloropropane [17]. However,
few studies used Zn in an ultrasonic system. Under
ultrasonic irradiation, the transfer rate between Zn
and pollutants could be accelerated. In addition, the
high temperature and pressure might increase the
reaction rates significantly. In this manner, excellent
degradation efficiency of pollutants could be achieved.

In this paper, Zn was used together with ultra-
sound to remove 4-nitrobenzoic acid, a typical refrac-
tory pollutant. The reaction conditions were
investigated in depth, including the pH value of the
solution, the catalyst dose, and the initial
concentration of 4-nitrobenzoic acid. The potential
mechanism was clarified, and the degradation
intermediates were determined. The aim was to
propose a practical approach for the treatment of
refractory organic pollutants.

2. Materials and methods
2.1. Chemicals

The 4-nitrobenzoic acid (Aldrich, USA), sodium
hydroxide (Guoyao Inc., Beijing, China), and tert-bu-
tanol (TBA) (Guoyao Inc., Beijing, China) and ZnSO,
(Huaen Inc., Tianjin, China) were of analytical grade.
These chemicals were used without further purifica-
tion. Zn and ZnO particles were purchased from Tian-
jin Guangfu Technology Development Co. Ltd. Zn
used had a particle size of approximately 80-100 pm,
and the purity of Zn was 98%. Solutions were pre-
pared with water purified by a Millipore Milli-Q UV
Plus system.

2.2 Experimental runs

US was performed using a JY92-II ultrasonic gener-
ator (Ningbo Xinzhi Technology Co., China) with a
maximum operating power of 650 W and a frequency
of 24 kHz. All experiments were conducted in 150-ml
glass beakers. Each time, 100 ml of 4-nitrobenzoic acid
solution was tested. The ultrasonic power density was
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2W/ml, and the temperature was kept at 25 +2°C
using a water circulator (HX-08, Qigian Scientific
Instrument Inc., Shanghai, China). After the reaction,
the mixture was centrifuged at 5,000 rpm for 15 min.
Next, the supernatant was used for 4-nitrobenzoic acid
concentration detection.

The concentration of 4-nitrobenzoic acid was deter-
mined using the HPLC method, which was performed
on Waters 2695 HPLC equipped with a UV detector
at 278 nm and a 150mm x4.6um x5um CI18
reversed-phase column. The mobile phase consisted of
60% methanol and 40% water. The flow rate was
1.0 ml/min, and the injection volume was 10 uL. The
rate constant of 4-nitrobenzoic acid degradation was
obtained by fitting the experimental data into the
first-order reaction equation.

~In (C/C,) = kt (1)

where Cy (mmol/L) and C (mmol/L) are the concen-
trations of 4-nitrobenzoinc acid at the initial time and
at a given time t (min), respectively; k (min™") is the
reaction rate constant of the pseudo-second-order
model; and t (imin) is the reaction time.

The 4-nitrobenzoic acid degradation products were
identified through Waters xevoG2 Q-TOF UPLC/MS
system (Waters Corporation) equipped with a
150 mm % 4.6 pm x 5 pm C18 reversed-phase column.
The surface morphology of Zn was investigated at dif-
ferent scales and magnifications using Hitachi S4700
scanning electron microscope (SEM) analyzer.

3. Results and discussion

3.1. Catalytic activity in the ultrasonic degradation of
4-nitrobenzoic acid

Three processes were tested in the degradation of
4-nitrobenzoic acid, including sole ultrasonic irradia-
tion (US), sole Zn and US combined with zero-valence
zinc (US/Zn). The results of 4-nitrobenzoic acid degra-
dation are shown in Fig. 1(a). These three processes
fitted well to the pseudo-first-order reactions, as
shown in Fig. 1(b).

Clearly, with US alone, less than 10% of the 4-ni-
trobenzoic acid was degraded. With Zn, the degrada-
tion efficiency was approximately 39%. After US
combined with Zn, the degradation -efficiency of
4-nitrobenzoic acid improved significantly, approach-
ing 80%. The first-order rate constants were calculated
to be 0.0516, 0.0024, and 0.0204/min for US/Zn, US,
and Zn, respectively. As observed, the reaction rate
constant of US/Zn was much higher than the sum of
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Fig. 1. Catalytic ultrasonic degradation of 4-nitrobenzoic acid with Zn, (4-nitrobenzoic acid = 1 x 107> mol/L, pH 7.0,

Zn’ =04 g/L, 2 W/ml, 25°C).

the rate constants of US and Zn alone. An obvious
synergistic effect was achieved, and the synergistic
factor was calculated as follows:

kcombined
E kmethod—l + kmethod—Z +F kmethod—n @
where E is the synergistic factor, k (min™") is the reac-
tion rate constant of pseudo-first-order model, and
method,, refers to the individual method (for example,
US and Zn reduction in this study). Accordingly, for
this study, E was given by:

E = 0.0516/(0.0024 + 0.0204) = 2.26

US combined with Zn was very efficient and could be
a potential solution for 4-nitrobenzoic acid pollution.
In a catalytic ultrasonic oxidation system (ultra-
sound + MnO,/Ce0,), the synergetic effect between
sonication and solid catalyst was also observed [18].
Zhao et al. [18] explained that solid particles in water
could act as cavitation nuclei during sonication, thus
significantly enhancing the ultrasonic cavitation inten-
sity. Such an effect should also exist in the ultra-
sound/Zn system. In particular, the size of Zn used in
this study was 80-100 um, which was close to the res-
onance size of the cavitation bubbles in a 24-kHz
ultrasound field (~110 pm).

3.2. Effects of the operational parameters

In a catalytic ultrasonic process, the degradation
efficiency is influenced by different operation
parameters including pH value, catalyst dose, ultra-
sonic density, and pollutant concentration. In this
paper, these operation parameters were studied and
optimized.

3.2.1. pH value

The pH value plays an important role in catalytic
ultrasonic processes [19,20]. The pH value might affect
the states of pollutants and the activity of the catalyst.
The effects of pH (ranging from 5.0 to 9.0) on the
degradation of 4-nitrobenzoic acid were investigated.
The results are shown in Fig. 2. Clearly, the 4-ni-
trobenzoic acid degradation efficiency was very stable
in a wide range of pH values, which is beneficial for
the practical use. Due to the slight differences in
degradation efficiency under different pH values and
in consideration of equipment corrosion, the optimal
pH condition was chosen as 7.0.

3.2.2. Zero-valence zinc dose

The solid catalyst particles could act as cavitation
nuclei during US [18]. Therefore, more active centers
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Fig. 2. Effects of pH value on 4-nitrobenzoic acid degrada-
tion (4-nitrobenzoic acid = 1 x 10~ mol/ L, 7Zn® = 1.0 g/L,
2 W/ml, 25°C).
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were available in the solution with higher catalyst
dose. Thus, the catalyst dose might influence the
degradation efficiency of 4-nitrobenzoic acid in the
catalytic ultrasonic process. The effects of Zn dose
(from 0.2 to 1.0 g/L) were studied, and the results are
shown in Fig. 3.

As observed in Fig. 3(a), the 4-nitrobenzoic acid
degradation efficiency increased with higher catalyst
dose. As the catalyst dose increased from 0.2 to
04 g/L, the degradation efficiency of 4-nitrobenzoic
acid was improved significantly. When the catalyst
dose was higher than 0.4 g/L, a slight increase was
obtained. Fig. 3(b) showed that the pseudo-first-order
rate constant increased from 0.023 to 0.05 1/min as
the catalyst dose increased from 0.2 to 0.4 g/L and
then became stable. The catalyst dose of 0.6 g/L was
the best in terms of pollutant degradation, and the cat-
alyst dose of 0.4 g/L was preferred when considering
both pollutant degradation and cost.

At lower catalyst doses, fewer active centers were
available in the solution, so the cavitation effects were
weak. Thus, the degradation efficiency of 4-nitroben-
zoic acid was much lower. At higher doses, more active
centers were present in the solution and the cavitation
effects became stronger; the degradation efficiency was
obviously improved. Once the catalyst dose was
beyond the optimal condition, excessive amount of cat-
alyst particles can scatter the ultrasonic energy transfer
[21,22], thereby weakening the cavitation effects.

3.2.3. Initial 4-nitrobenzoic acid concentration

Sometimes the initial concentration has strong
effects on the pollutant degradation efficiency. In this
paper, the effects of the initial 4-nitrobenzoic acid con-
centration on its degradation efficiency were studied
in the range from 1x 107 to 10 x 107> mol/L. As
observed in Fig. 4(a), the degradation efficiency was
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Fig. 3. Effects of catalyst dose on 4-nitrobenzoic acid degradation:

(4-nitrobenzoic acid = 1 x 107° mol/L, pH 7.0, 2 W/ml, 25°C).
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slightly increased by increasing the initial pollutant
concentration from 1 x 107> mol/L to 4 x 107> mol/L.
For 4-nitrobenzoic acid concentrations greater than
7 x 107> mol/L, the degradation efficiency decreased
obviously. The calculated pseudo-first-order rate con-
stants, shown in Fig. 4(b), reached the highest level at
4x107° mol/L of 4-nitrobenzoic acid concentration.
With further increases in the 4-nitrobenzoic acid con-
centration, the rate constant decreased rapidly by
almost 90%.

Such a phenomenon might be explained as follows.
When the initial concentration of 4-nitrobenzoic acid
was 1 x 107° mol/L, the amount of 4-nitrobenzoic acid
molecules around the cavitation bubble and in contact
with the catalyst was low. Therefore, the chance for
the pollutant to react inside the cavitation bubble or
on the surface of the catalyst was low. An increase in
initial concentration was beneficial for pollutant reac-
tion. Such a beneficial effect of higher initial concen-
tration was previously reported [23]. However, when
the 4-nitrobenzoic acid concentration was higher than
4x10°mol/L, an excessive number of pollutant
molecules can compete for the cavitation bubbles and
the catalyst particles for reaction. In addition, many
intermediate products were generated around the cav-
itation bubbles/catalyst particles. Moreover, the
spreading of the hydroxyl free radical and other active
compounds was blocked leading to a smaller reaction
zone for 4-nitrobenzoic acid and active compounds
[24,25]. Thus, the degradation efficiency of 4-nitroben-
zoic acid decreased significantly.

3.3. Potential mechanisms

In the catalytic wultrasonic process, many
researchers have proved that hydroxyl free radical oxi-
dation is an important mechanism in the degradation
of pollutants [26,27]. However, other mechanisms
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(a) degradation efficiency and (b) reaction rate
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Fig. 4. Effects of 4-nitrobenzoic acid concentration on the degradation efficiency, (a) degradation

(b) reaction rate (pH 7.0, Zn’ = 04 g/L, 2 W/ml, 25°C).

were unclear. In this paper, we studied the role of
hydroxyl free radical oxidation, the effects of ultra-
sonic irradiation, and the role of Zn to reveal the
mechanisms in the catalytic ultrasonic degradation of
4-nitrobenzoic acid.

3.3.1. Impact of hydroxyl free radical scavenger

To determine the role of hydroxyl free radical in 4-
nitrobenzoic acid degradation, a hydroxyl free radical
scavenger was added into the catalytic ultrasonic sys-
tem. Due to the high reaction rate between TBA and
the hydroxyl free radical (6 x 10°/M s) [28], TBA was
chosen as the free radical scavenger.

Fig. 5 shows the results of TBA addition. Clearly,
TBA weakened the degradation of 4-nitrobenzoic acid
in the US/Zn° system. The 4-nitrobenzoic acid degra-
dation efficiency decreased with increasing TBA con-
centration. When the concentration of TBA was
increased to 50 x 102 mol/L, the degradation effi-
ciency of 4-nitrobenzoic acid decreased by more than
15%. If hydroxyl free radical oxidation was the domi-
nant mechanism in this system, then a higher concen-
tration of TBA would successfully compete with 4-
nitrobenzoic acid for hydroxyl free radical, resulting
in a dramatic decrease in pollutant degradation. Li
et al. reported that the 1,1,1-trichloroethane removal
efficiency was decreased by 24.49% after addition of
187.4 mmol/L TBA [29]. The results in Fig. 5 illus-
trated that hydroxyl free radicals did contribute to 4-
nitrobenzoic acid degradation, although it was not the
key parameter.

3.3.2. Effects of US on the catalyst particles

During the ultrasonic irradiation, microjets with
high speed are generated; such microjets strongly
attack the catalyst particles. The active sites can then
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Fig. 5. Effects of TBA addition on 4-nitrobenzoic acid
degradation: a-US, b-Zn, ¢-US/Zn, d-US/Zn + 1 x 1073
mol/L TBA, e-US/Zn + 10 x 1073 mol/L TBA, f-US/Zn +
50 x 1072 mol/L TBA (4-nitrobenzene acid = 1 x 107> mol/
L, pH 70, 7Zn’ =04 g/L, 2 W/ml, 25°C, 30 min).

be constantly explored to pollutants due to the sweep-
ing of the catalyst surface by microjets. The SEM
images of fresh and used catalyst are shown in Fig. 6.

Before the reaction, the surface of the catalyst was
very rough and then became comparably smooth after
the reaction (Fig. 6). In addition, some impact craters
were observed on the used catalyst. Those observa-
tions showed that during the catalytic ultrasonic pro-
cess, the surface of Zn was continuously attacked by
microjets, leading to obvious changes in morphology.
The particle size of Zn was also affected by ultrasonic
irradiation. As shown in Fig. 7, the particle size distri-
bution became narrower after reaction. For the fresh
and used Zn, the average particle sizes were 18.40 and
15.80 um, respectively.
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Fig. 6. SEM images of Zn before and after reactions (2,000 times).
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Fig. 7. Change of Zn size in the catalytic ultrasonic process
2 W/ml, 25°C, 30 min).

With ultrasonic irradiation, the generated microjets
could sweep intermediate products on the active sites.
Therefore, more active sites were available for 4-ni-
trobenzoic acid degradation. With smaller particles,
the catalyst could be dispersed much better. Thus, cat-
alyst particles could come into contact with the 4-ni-
trobenzoic acid more easily. In addition, US could
enhance the mass transfer, thereby accelerating the
reaction rate.

3.3.3. Comparison of various Zn-containing catalysts

In the ultrasonic system, the intensity of cavitation
effects corresponds to the quantity of cavitation bub-
bles. To form more cavitation bubbles, more nuclei are
required. The added catalyst particles could act as
nuclei, thereby increasing the quantity of cavitation
bubbles, leading to stronger cavitation effects. Thus,
more hydroxyl free radicals were generated, and
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Fig. 8. Comparison of various catalysts for 4-nitrobenzoic
acid (4-nitrobenzoic acid = 1 x 107° mol/L, pH 7.0, catalyst
dose = 0.4 g/L, 2 W/ml, 25°C).
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Fig. 9. MS spectra of the 4-nitrobenzoic acid intermediates in the catalytic ultrasonic process.

higher degradation efficiency of 4-nitrobenzoic acid
was achieved because of the addition of zinc particles
into the ultrasound field.

In addition, the reduction ability of Zn also con-
tributed to the degradation of 4-nitrobenzoic acid. In
the catalytic ultrasonic process, the Zn>* concentration
in the solution was found to be 0.8 mg/L, which was
higher than that of the control (0.3 mg/L). Thus, more
Zn was turned into Zn®* in the degradation of
4-nitrobenzoic acid. To further clarify the role of Zn in

4-nitrobenzoic acid degradation, various Zn-containing
chemicals were added to the ultrasonic system, and
the results are shown in Fig. 8. As observed, the pro-
cess of US/Zn° was the most efficient in the degrada-
tion of 4-nitrobenzoic acid. When the US was
combined with ZnO or ZnSO,4, where zinc was in the
state of Zn>*, the degradation efficiency was much
lower. Thus, the reduction ability of Zn contributed
greatly to the degradation of 4-nitrobenzoic acid in the
catalytic ultrasonic process.
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3.4. Determination of intermediate products

After the reaction, the solution was investigated by
LC/MS to determine intermediate products. Fig. 9
shows the results of the presence of two intermediate
products at m/z 150 [M - H]™ and 138 [M + H]*. In
the catalytic ultrasonic process, the nitro group and
carboxyl group on the benzene ring of 4-nitrobenzoic
acid were attacked. Because the nitro group on the
benzene ring was easier to degrade, intermediate
products at m/z 150 and 138 correspond to 4-ni-
trosobenzoic acid and 4-aminobenzoic acid, respec-
tively. Thus, in the catalytic process, the nitro group
of 4-nitrobenzoic acid was first oxidized to the nitroso
group, and then was reduced to the amino group. The
degradation scheme of 4-nitrobenzoic acid in catalytic
ultrasonic process could be described as follows: 4-ni-
trobenzoic acid was first reduced to 4-nitrosobenzoic
acid by Zn’, then Zn® was oxidized to Zn>*. The
nitroso group of 4-nitrosobenzoic acid was subse-
quently reduced to hydroxyamino group and finally
4-aminobenzoic acid was generated. With continuous
ultrasonic irradiation, the ring structures of these
intermediates are attacked by active radicals and fur-
ther decomposed into inorganic products, e.g. HNO;,
CO,, and H,O0.

4. Conclusions

In this paper, US/Zn° was found to degrade more
than 85% of 4-nitrobenzoic acid in 30 min. There was
an obvious synergistic effect between ultrasound and
Zn. The optimal conditions for the degradation of 4-ni-
trobenzoic acid were found to be a pH of 7.0 and a Zn°
dose of 0.4 g/L. Excellent degradation efficiency could
be achieved when the concentration of 4-nitrobenzoic
acid was in the range from 1 x 107 to 4 x 107> mol/L.
Hydroxyl free radical oxidation was proved to be an
important mechanism in the US/Zn” system. The addi-
tion of Zn particles enhanced the sonication effects,
and the US could maintain the activity of Zn and
improve the mass transfer. Two intermediate products,
4-nitrosobenzoic and 4-aminobenzoic acid, were
detected, illustrating that the nitro group of 4-nitroben-
zoic acid was destroyed first in 4-nitrobenzoic acid
degradation. The US/Zn" process showed great poten-
tial in treating refractory organic pollutants.
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