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nt of 2,4,6-trinitrotoluene from
aqueous media using a sono–photo-Fenton-like
process with a zero-valent iron nanoparticle (nZVI)
catalyst†

Hoang Van Nguyen,a Son Tung Pham, *a Toan Ngoc Vu,a Huong Van Nguyena

and Duong Duc La *b

In this study, we examine the effectiveness of using a combination of a sono–photo-Fenton-like

procedure and nano zero-valent iron catalyst (nZVI) to treat 2,4,6-trinitrotoluene (TNT) in an aquatic

environment. Zero-valent iron particles were generated by a chemical reduction technique. nZVI

nanoparticles were analyzed using scanning electron microscopy (SEM) and X-ray diffraction (XRD) to

characterize the nanocatalyst. The resulting nZVI nanoparticles were used as an addition in a sono–

photo-Fenton method to remediate an aqueous solution contaminated with TNT. Furthermore,

influences of operational factors such as temperature, catalyst dosage, wavelength, ultraviolet power,

ultrasonic frequency and power, pH level, H2O2/nZVI ratio, initial TNT concentration, and reaction

duration on the treatment of TNT were investigated. Under the conditions of an ideal pH of 3,

temperature range of 40–45 °C, concentration of 50 mg per L TNT, dose of 2 mM of nZVI, and ratio of

H2O2/Fe
0 of 20, a treatment efficiency of 95.2% was achieved after a duration of 30 minutes. The

sono–photo-Fenton process combined with nZVI showed a higher TNT removal efficiency compared

to the Fenton, sono-Fenton, and photo-Fenton processes under the same conditions. Moreover, it

promises a potential solution to treat TNT at the pilot scale while allowing reuse of the nZVI catalyst

and the limitation of sludge.
Introduction

TNT, also known as 2,4,6-trinitrotoluene, is a highly used
explosive in both military and industrial settings. During the
production and use of TNT, wastewater is generated that
contains various persistent organic compounds, particularly
nitrotoluene group compounds, including mononitrotoluene
(MNT) and 2,4-dinitrotoluene (DNT). These compounds can
contribute to increased pollution in soil and groundwater,
posing risks to human health as well as the well-being of sh,
algae, earthworms, and microbes.1–4 Water contamination
resulting from TNT can result in several ailments, such as
allergies, liver damage, a compromised immune system, skin
irritation, decreased appetite, anemia, and cancer.5

The sono–photo-Fenton-like process has gained signicant
attention recently because of its ability to efficiently degrade
pollutants while also being energy- and cost-efficient.6–10 This
m. E-mail: sontung231@gmail.com
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23729
process is a combination of a Fenton-like process with ultra-
sonic (US), ultraviolet radiation (UV), and heterogeneous catal-
ysis. Under UV irradiation, Fe(OH)2+ complexes decompose to
produce Fe2+ ion and OHc. Meanwhile, under the impact of
ultrasonic waves with high intensity, the explosion of cavitation
bubbles creates a reaction area with a pressure of 500 atm, and
temperature of 5200 K and 1900 K in the surrounding area.11–14

Under these conditions, several radicals such as OHc, Hc, OOHc,
and Oc are formed by the decomposition of water. In addition,
the sonoluminescence phenomenon causes the decomposition
of FeOOH2+ complex.5 The mechanism of the sono–photo-
Fenton process is described by eqn (1)–(6) below.

Fenton reaction:

Fe2+ + H2O2 + H+ / Fe3+ + OHc+ H2O (1)

Under ultraviolet irradiation (UV):

Fe3+ + H2O / Fe(OH)2+ + OH+ (2)

Fe(OH)2+ % Fe3+ + OH− (3)

Fe(OH)2+ + hn / Fe2+ + OHc (4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM image (a) and XRD spectra (b) of the synthesized iron
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Under ultrasonic treatment (US):

H2O / Hc + OHc (5)

FeOOH2+ + ultrasound / Fe2+ + cHO2 (6)

Heterogeneous catalysts in the Fenton-like process have
advantages such as reducing the amount of sludge, the ability to
recover and reuse, increasing the amount of free hydroxyl
formed on the catalyst surface, use in a wider pH range, and
ability to treat wastewater containing high concentrations of
pollutants.15,16 One of the common heterogeneous catalysts is
nano zero-valent iron (nZVI). In the Fenton-like process, zero-
valent nano iron can perform roles such as a reducing agent
in direct reaction with nitro pollutants (–NO2) and a renewable
source of Fe2+ ions for the Fenton reaction.17,18

There are several research studies on TNT treatment using
the Fenton or Fenton-like process combining ultrasonic, UV,
and the nZVI catalyst. Li et al.19 investigated the treatment
efficiency of 2,4,6-trinitrotoluene using different oxidation
processes, observing that the sono-Fenton process achieved
the highest treatment efficiency of 87% of TNT aer 30 min at
pH 3, with a ratio of H2O2/Fe = 10 : 1, C0

TNT = 30 mg L−1, and
CFe = 0.5 mM. Hashemi et al.5 showed that the TNT treatment
efficiency at an initial concentration of 10 mg L−1, pH 3, with
2 mM Fe2+ ions, and 40 mM H2O2 by the sono-Fenton process
could reach 100% aer 20 min, while the efficiency of the
photo-Fenton process was 97% aer 60 min. Nguyen et al.
also evaluated the efficiency of TNT treatment using a photo-
Fenton process, and reported that the maximum TNT treat-
ment efficiency reached 98.9% in 60 min under the condi-
tions of C0

TNT = 49.58 mg L−1, H2O2/Fe
2+ ratio of 20, pH 3.20

Next, the authors studied the effectiveness of yellow waste-
water treatment using the photo-Fenton process, showing
that the TNT treatment efficiency reached 97.70% at a TNT
initial concentration of 84.58 mg L−1, pH 3, 7.19 mM ion Fe2+,
and H2O2/Fe

2+ ratio of 20.21 Ali Reza et al. researched TNT
treatment with nZVI particles and reported achieving 91%
efficiency at 30 mg per L TNT, pH 3.5, with 104.8 mg per L Fe0,
and 675 mg per L H2O2.22 Marcio Barreto et al. studied the
treatment of yellow wastewater containing TNT components
using an nZVI pretreatment stage combined with the Fenton
process, showing the system had the ability to treat 100%
TNT, 87.5% total phenol, 95.4% COD.23 These research nd-
ings demonstrated the efficacy of ultrasound, light, Fenton,
and nZVI catalyst, as well as their combination, for the
treatment of TNT. Hence, the integration of the sono–photo-
Fenton-like process with nZVI has potential as a novel and
efficient approach for the elimination of persistent organic
pollutants.

This study aimed to assess the efficacy of the sono–photo-
Fenton-like system, utilizing zero-valent iron nanoparticles as
a catalyst, for the treatment of 2,4,6-trinitrotoluene (TNT) in an
aqueous solution. The objective of the project was to develop
a cutting-edge solution that is highly efficient, minimizes the
production of secondary waste, and enhances existing water-
treatment processes.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Characterizations

Scanning electron microscopy (SEM), using a Hitachi S-4800
instrument from Japan, was employed to investigate the
surface morphology and particle size of the produced materials.
The data shown in Fig. 1a demonstrate that the synthesized
particles were sphere-shaped with a mean particle size between
30 and 60 nm. This result was consistent with the TEM image of
the nZVI nanoparticles, as shown in Fig. S1.† In addition, the
crystal structure and phase of the produced nZVI material were
analyzed using X-ray diffraction (XRD) with a Panalytical
instrument from the Netherlands. The XRD examination
revealed the distinctive peak of zero-valent iron at 2q z 44.9°
(Fig. 1b).24
Effect of the temperature

The effect of temperature on the efficacy of TNT treatment was
examined utilizing a sono–photo-Fenton-like procedure, with
temperatures ranging from 25 °C to 50 °C (see Fig. 2). The
ndings suggest that the effectiveness of the TNT treatment was
greater within the temperature range of 40 °C to 45 °C. With the
increase in temperature from 25 °C to 40 °C, the rate of TNT
elimination increased from 62.88% to 97.53%. Nevertheless, as
the temperature rose higher to 50 °C, the effectiveness of the
TNT treatment decreased to 93.27%. The rise in temperature
accelerated the reaction rate between H2O2 and Fe2+, resulting
in a higher production of hydroxyl radicals.25,26 Wang et al.
found that as the temperature of the solution increased, the
development of cavitation bubbles under the impact of ultra-
sonic waves also increased. This led to the synthesis of more
hydroxyl radicals, improving the removal effectiveness.27
nanoparticles.

RSC Adv., 2024, 14, 23720–23729 | 23721
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Fig. 2 Effect of temperature on TNT treatment efficiency in aqueous
solution with pH 3, CH2O2

= 40 mM, CFe0 = 2 mM, C0
TNT = 50 mg L−1,

ultrasound = 40 kHz and 60 W, UV = 254 nm and 10 W, reaction time
30 min.
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Conversely, the rate of spontaneous breakdown of Fe2+ ions
and H2O2 likewise escalated with the increase in solution
temperature, resulting in a decline in the degradation effi-
ciency. In addition, M. Haghmohammadi et al. reported that
the distinct properties of wastewater and the dynamics of the
reaction system are crucial elements in choosing the most
favorable reaction temperature.28

Effect of the nZVI catalyst dosage

The effect of the amount of zero-valent iron nanoparticles on
the effectiveness of TNT treatment is shown in Fig. 3. It was
evident that as the dose of the catalyst was increased from
0.5 mM to 2mM, the TNT removal efficiency was improved from
56.96% to 95.20%. When increasing the catalyst dose to 4 mM,
the efficiency was able to reach an impressive 99.64%. Mina
Hagh et al. found that raising the concentration of the hetero-
geneous catalyst carbon/Fe3O4 from 0.2 to 2 g L−1 improved the
treatment efficiency for 4-chlorophenol in a sono-Fenton
system, with an increase in efficiency from 69% to 85%.28

According to N. Thomas et al., the use of ultrasonic irradiation
improves the dispersion of iron nanoparticles in the solution,
leading to an increase in treatment efficiency.16

In addition, a higher amount of catalyst leads to an elevated
generation of cavitation bubbles on the catalyst surface and in
Fig. 3 Impact of the dosage of zero-valent iron nanoparticles (nZVI)
catalyst on the efficiency of TNT treatment (pH 3, CH2O2

= 40 mM, T =

40 °C, C0
TNT= 50mg L−1, ultrasound= 40 kHz and 60W, UV= 254 nm

and 10 W, reaction time = 30 min).

23722 | RSC Adv., 2024, 14, 23720–23729
the cavitation holes, resulting in higher concentrations of
hydroxyl radicals.29 Nevertheless, as indicated by the research
conducted by C. Lai et al., the efficacy of pollutant removal may
diminish when the catalyst concentrations are elevated, owing
to the possible interaction between Fe2+ ions and hydroxyl
radicals generated on the surface of the catalyst.30 Moreover,
a higher catalyst dosage could lead to the dispersion of ultra-
sonic radiation and prevent light transmission through the
solution.31

Effect of the light wavelength

The results indicate that the ultraviolet lamp with a wavelength
of 254 nm achieved the best TNT treatment efficiency, reaching
95.2% (Fig. 4). The efficiency at a wavelength of 185 nm UV was
90.6%, while the efficiency at a wavelength of 313 nm UV was
considerably lower, reaching only 80.4%. In H. Nguyen et al.'s
investigation, the highest level of removal effectiveness was
achieved using 254 nm UV light. In contrast, the removal effi-
ciencies at 185 nmUV and 313 nmUV were comparable.20 As the
wavelength decreases, the intensity of light increases.32 Thus,
lights that emit wavelengths primarily in the UVC (200–275 nm)
and UVD (100–200 nm) ranges are more likely to improve
treatment effectiveness compared to lights in the UVA (320–420
nm) and UVB (275–320 nm) ranges. This is because they directly
break down H2O2 into hydroxyl radicals and facilitate the
formation of Fe2+ ions from iron complexes.33 Nevertheless, the
intensity of UV radiation in water decreased as the wavelength
became shorter. Hence, employing a UV lamp with shorter
wavelengths may result in a reduction in the effectiveness of the
treatment procedure, as demonstrated in the study conducted
by Wang et al.34

Effect of the ultrasound frequency

Fig. 5 shows that the efficacy of TNT therapy reached 95.2%
under exposure to an ultrasonic frequency of 40 kHz. The effi-
ciency at a frequency of 20 kHz was 54.2%, whereas at
a frequency of 25 kHz it was 67.2%. Consequently, the effec-
tiveness of TNT treatment was enhanced when the sono–photo-
Fenton system was utilized in conjunction with zero-valent iron
nanoparticles at elevated frequencies. Hoffmann et al. con-
ducted a study that found that the effectiveness of TNT
Fig. 4 Effect of the light wavelength on the efficiency of TNT treat-
ment (pH 3, CH2O2

= 40 mM, CFe0 = 2 mM, T = 40 °C, CTNT0 =

50 mg L−1, ultrasound = 40 kHz and 60 W, reaction time = 30 min).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of ultrasound frequency on the efficiency of TNT treat-
ment. (pH 3, CH2O2

= 40 mM, CFe0 = 2 mM, T = 40 °C, CTNT0 =

50 mg L−1, UV = 254 nm and 10 W, reaction time = 30 min).

Fig. 6 Effect of the H2O2/Fe
0 ratio (a), pH (b) and their combination (c)

on the efficiency of TNT treatment (CFe0 = 2 mM, C0
TNT = 50 mg L−1,

ultrasound = 40 kHz and 60 W, UV = 254 nm and 10 W, reaction time
= 30 min).
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treatment with ultrasound at a frequency of 500 kHz was greater
than that at 20 kHz.35 They also reported that low-frequency
ultrasound improved the metabolic exchange in the response
system.

Nevertheless, when the frequencies increases, the energy
required for the formation of cavitation bubbles escalates,
resulting in the generation of smaller bubbles with a greater
concentration of energy and a quick release of hydroxyl radicals.
T. Nguyen et al. examined the impacts of cavitation and
chemical reactions across a range of ultrasonic frequencies,
specically from 22 kHz to 4880 kHz. The report conclusion
states that when the frequency increases, both cavitation and
chemical impacts are intensied.36

Effect of the pH and H2O2/Fe
0 ratio

Fig. 6a demonstrates the impact of pH on the efficacy of TNT
treatment. Based on the ndings obtained with a H2O2/Fe

0 ratio
of 20, it was evident that the most effective therapy for TNT
could be accomplished at a pH level of 2–3. The treatment
efficiency at pH 1 was 89.3%, which was lower than the effi-
ciencies at pH 2 and pH 3 (98.7% and 95.2%, respectively). As
the pH surpassed 3.0, the efficacy of TNT therapy progressively
diminished, and the treatment efficacy for TNT fell dramatically
from 74.7% at pH 4 to 38.3% at pH 5. Vaishnave and colleagues
conducted research demonstrating that the sono–photo-Fenton
system exhibited optimal efficacy for the treatment of Azure-B at
a pH of 2.2.37 Lu et al. found that the presence of Fe2O3$H2O on
the surface of heterogeneous catalysts at pH levels above 3, and
their precipitation at pH levels of 5 and above, were the causes
for the reduced effectiveness of the heterogeneous Fenton
process.38 TNT decomposition efficiency decreases at higher pH
values possibly due to the weaker oxidants, such as ferryl ions
(e.g., FeO2+), that are formed at higher pH values (pH $ 5) with
higher selectivity and superiority in reactions with organic
compounds compared to cOH (eqn (7)).39

Fe2+ + H2O2 / FeO2+ + H2O (7)

Conversely, when the pH is less than 2.1, the presence of
oxonium ions (H3O

2+) and [Fe(H2O)6]
3+ ions decreases the

reactivity of Fe2+ ion and H2O2.40,41 When pH < 2, excess H+ will
react with the free radical cOH according to eqn (8).42
© 2024 The Author(s). Published by the Royal Society of Chemistry
cOH + H+ + e− / O2H + H2O (8)

Zhu et al.'s research indicates that the pH circumstances
have an impact on the formation of hydroxyl radicals from
cavitation bubbles caused by ultrasonic waves.43

Fig. 6b illustrates the impact of the H2O2/Fe
0 ratio on the

efficiency of TNT treatment. According to the research ndings,
increasing the H2O2/Fe

0 ratio from 10 to 20 resulted in an
improvement in the efficiency of TNT treatment. Specically,
the treatment efficiency increased from 90.1% to 95.2% when
the reaction period was 30 min and the pH was 3. Nevertheless,
as the H2O2/Fe

0 ratio steadily rose from 25 to 30, the effective-
ness of TNT treatment declined to 94.6% and 91.8%, respec-
tively. As stated byMina Hagh et al., the ideal amount of H2O2 in
RSC Adv., 2024, 14, 23720–23729 | 23723
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Fig. 7 Effect of the initial TNT concentration (a), reaction time (b), and
their combination (c) on TNT treatment efficiency (pH 3, CH2O2

=
40mM,CFe0 = 2mM, ultrasound= 40 kHz and 60W, UV= 254 nm and
10 W).
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the heterogeneous Fenton system is inuenced by the concen-
tration of heterogeneous catalysts, the pH, and temperature.28

The drop that can be observed in the TNT treatment efficacy is
caused by the reaction between H2O2 and hydroxyl radicals,
leading to a reduction in oxidation radicals, subsequently
resulting in a drop in treatment efficacy.

Fig. 6c illustrates the inuence of pH and the H2O2/Fe
0 ratio

on TNT treatment efficiency. The research ndings indicate that
the optimal treatment efficiency could be achieved at pH 2–3
and a H2O2/Fe

0 ratio of 20. The equation representing the effect
of pH (X1) and the H2O2/Fe

0 ratio (X2) on treatment efficiency (H)
is shown below as eqn (9):

% H = 26.67 + 40.14X1 + 2.67X2 − 0.28X1X2

− 7.89X1
2 − 0.044X2

2 (9)

By ANOVA analysis of the regression equation, F-value was
46.93, and the P-value was <0.0001. Additionally, according to Fit
Statistics, the predicted, adjusted R-squared, and R2 values were
0.79, 0.95, and 0.97, respectively. Therefore, it could be concluded
that the regression equation was statistically signicant.

Effect of the initial TNT concentration and reaction time

The impact of the starting TNT concentration on the treatment
efficiency is presented in Fig. 7a. The research ndings suggest
that when the pH was set to 3, the starting concentration of
H2O2 was 40 mM, and the dosage of nZVI catalyst was 2 mM, the
effectiveness of TNT treatment was reduced when the initial
concentration of TNT in the solution was increased. When the
initial TNT concentration was 25 mg L−1, the treatment effi-
ciency reached 100% within 30 min reaction time. However, at
initial TNT concentrations of 50, 75, and 100 mg L−1, the
treatment efficiencies were 95.2%, 78.6%, and 52.3%, respec-
tively. The decrease in treatment efficacy as the initial TNT
concentration increased may have been due to the blocking of
light transmission by the solution at higher concentrations. The
color index of the solution increased from 200 Pt–Co to 800 Pt–
Co when the initial TNT concentration was increased from
25 mg L−1 to 100 mg L−1. Vaishnave et al. Also observed
a reduction in the effectiveness of Azure-B treatment in the
sono–photo-Fenton process as the concentration of pollutants
increased.37 Also, Hosseini et al. showed that elevated levels of
pollutants could impede the penetration of UV irradiation to the
catalyst surface, hence diminishing the effectiveness of hydroxyl
radical generation.44 In addition, TNT molecules adsorbed on
nZVI surface could hinder the approach of H2O2, leading to the
generation of fewer hydroxyl free radicals on the nZVI surface
and therefore a reduced removal rate.39

Fig. 7b demonstrates the inuence of the reaction time on
the effectiveness of treatment. The study demonstrated that,
with an initial TNT concentration of 50 mg L−1, the efficiency of
TNT treatment increased from 17.0% to 95.2% as the response
time was extended from 5 min to 30 min. Aer a duration of
30 min, the effectiveness of the TNT treatment continued to
improve, albeit not substantially.

Fig. 7c illustrates the correlation between the time it took for
the reaction to occur and the starting concentration of TNT. The
23724 | RSC Adv., 2024, 14, 23720–23729
research ndings indicated a positive correlation between the
reaction time and the efficiency of TNT therapy. Greater starting
TNT concentrations needed extended treatment durations to
attain equivalent therapy efficacy compared to lower amounts.
The correlation between the starting TNT concentration (X3)
and reaction time (X4) on the treatment efficiency (H) is shown
by eqn (10). The F-value was 113.48 and the P-value was less
than 0.0001. The expected, adjusted R-squared, and R2 values
were 0.89, 0.98, and 0.99, correspondingly.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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% H = 40.71 − 0.58X3 + 3.85X4

+ 0.031X3X4 − 0.008X3
2 − 0.066X4

2 (10)

Inuence of the ultrasonic power and light power

The investigation into the impact of the ultrasonic power
demonstrated that, following a 20 min response, escalating the
ultrasonic power from 20 W to 80 W resulted in an increase in
the TNT treatment efficiency from 73.8% to 80.4% (as depicted
in Fig. 8a). Nevertheless, when the ultrasonic power was further
raised to 90 W and 100 W, the efficiency of the TNT treatment
showed only a minimal improvement, oscillating between
80.0% and 81.0%. Augmenting the ultrasonic power amplies
Fig. 8 Impact of ultrasonic power (a) and light power (b) and their
combination (c) (pH 3,CH2O2

= 40mM,CFe0 = 2mM,C0
TNT= 50mg L−1,

ultrasound = 40 kHz, UV = 254 nm, reaction time = 20 min).

© 2024 The Author(s). Published by the Royal Society of Chemistry
the generation of cavitation bubbles. At increased ultrasonic
power, the bubbles rapidly attain their maximum size and
undergo a sudden and forceful expansion, resulting in the
production of hydroxyl radicals. This occurs due to the thermal
breakdown of water molecules caused by the combination of
high pressure and high temperature.45,46 The increase in
capacity causes a shorter lifetime of the bubbles and the
collapse of the bubbles occurs more quickly, leading to a greater
production of cH and cOH free radicals, increasing their ability
to attack the molecules.47,48

Increasing the ultrasonic power additionally enhanced the
mass transfer and further supported dispersing the catalyst in
the sono–photo-Fenton-like process.29,49 Additionally, the
ultrasonic power affected the surface cleaning process of the
catalyst, thereby enhancing the treatment efficiency.50

Conversely, elevating the ultrasonic power could impact the
temperature of the solution. If the temperature exceeds the
recommended range, it can have a detrimental impact on the
treatment efficiency.

The study ndings depicted in Fig. 8b indicate that the
effectiveness of the TNT therapy was increased from 65.0% to
93.4% when the light intensity was increased from 10W/L to
40W/L. Increasing the light intensity promotes the generation of
hydroxyl radicals on the catalyst's surface, leading to enhanced
treatment effectiveness. Chen et al. found that increasing the
intensity of light improves photochemical processes, leading to
a greater effectiveness in treatment.51

Fig. 8c demonstrates the collective inuence of the light
intensity and ultrasonic power on the effectiveness of TNT
treatment. It is evident from the gure that the increase in both
ultrasonic power and light intensity led to a corresponding rise
in the efficiency of TNT treatment. The impact of the ultrasonic
power (X5) and light intensity (X6) on the effectiveness of treat-
ment H is shown in eqn (11). The F-value was 113.48 and the P-
value was less than 0.0001. The anticipated, adjusted R-squared,
and R2 values, were 0.78, 0.96, and 0.98, respectively:

% H = 32.58 + 0.29X5 + 2.32X6 − 0.0035X5X6

− 0.0012X5
2 − 0.023X6

2 (11)
Fig. 9 Comparison of the efficiency of TNT treatment among various
advanced oxidation methods (pH 3, CH2O2

= 40 mM, CFe0 = 2 mM,
C0
TNT = 50 mg L−1, reaction time = 30 min).
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Table 1 TNT removal efficiency by the sono-Fenton and photo-Fenton processes

Process type C0
TNT (mg L−1) pH Reaction time (min) Reaction conditions Removal efficiency Ref.

Sono-Fenton 30 3 30 CH2O2
= 5 mM; CFe(II) = 0.5 mM 83% 19

Photo-Fenton 50 3 30 CH2O2
= 40 mM; CFe(II) = 2 mM 70% 5

Sono-Fenton 50 3 30 CH2O2
= 40 mM; CFe(II) = 2 mM 90% 5

Photo-Fenton 49.58 3 60 CH2O2
= 35 mM; CFe(II) = 1.75 mM 98.9% 20

Fig. 10 TNT treatment efficiency of the reused nZVI catalyst in the
sono–photo-Fenton-like process (pH 3, CH2O2

= 40mM, CFe0 = 2 mM,
C0
TNT = 50 mg L−1, ultrasonic = 40 kHz and 60 W, UV = 254 nm and

10 W, reaction time = 30 min).
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Comparing the treatment efficiency of TNT using different
advanced oxidation processes

The research ndings indicate that the most effective method
for treating TNT is by combining the heterogeneous sono–
photo-Fenton system with a zero-valent iron catalyst, resulting
in a 95.2% efficiency (Fig. 9). The combination of the photo-
Fenton-like process and zero-valent iron yielded an efficiency
of 59.02%, while the efficiencies of the sono-Fenton-like and
Fenton-like processes were 43.73% and 30.2%, respectively.
Based on these ndings, it could be deduced that the sono–
photo-Fenton system paired with a zero-valent iron catalyst
demonstrated the maximum efficiency in treating TNT. Thus,
the combined use of ultrasound and light can greatly improve
the effectiveness of the heterogeneous Fenton process using
zero-valent iron.

Compared to the homogeneous sono-Fenton process and
photo-Fenton processes (Table 1), it can be seen that the
removal efficiency of TNT by the sono–photo-Fenton process
combined with nZVI was higher under the same time and initial
conditions. Furthermore, the utilization of heterogeneous
catalysts signicantly decreases the quantity of sludge produced
in comparison to homogeneous Fenton methods, owing to the
catalyst's capacity to be retrieved and used again. Next, there is
a consideration of the costs and the mitigation of secondary
pollution.
Reusability of the nZVI catalyst

The micro iron catalyst was retrieved following each reaction
through the utilization of amagnet, and subsequently subjected
to multiple washes with distilled water and 99% alcohol, and
23726 | RSC Adv., 2024, 14, 23720–23729
nally dehydrated in a vacuum desiccator. According to the
experimental ndings, the effectiveness of TNT therapy
declined progressively from 95.2% during the initial reuse to
65.3% during the second reuse, and further dropped to 42.5%
during the third cycle (as shown in Fig. 10). The drop in effi-
ciency was caused by the production of Fe2O3 oxide on the
surface of the nano iron during the reaction, which obstructs
the involvement of nZVI in the reaction. Moreover, the presence
of Fe0 diminished as a result of its reaction within the Fenton
system, hence lowering the effectiveness of the heterogeneous
catalyst. Furthermore, while undergoing the treatment, iron
particles were released into the solution in the form of Fe2+ ions.

During the third to sixth cycles, the efficacy of TNT treatment
gradually declined from 45.2% to 35.2% in the sixth cycle. The
SEM image and XRD pattern of nZVI aer treatment were ob-
tained and are shown in Fig. S2.† The results show that the used
nZVI nanoparticles had negligible change in their morphology
and crystallinity in comparison to the material before
treatment.

The proposed degradable mechanism of TNT can be
described in two stages (Fig. S3†). In the rst stage, the
degradation of TNT by nZVI can occur through reduction
reactions, converting the nitro groups into amino groups.52 The
most easily observed reduction product of TNT by nZVI is tri-
aminetoluene (TAT), which has lower biological toxicity.3 The
hydroxyl radical (cOH) generated from the SPF process
abstracts a hydrogen atom from the methyl group, creating
a methyl radical TAT, which then oxidizes to form 2,4,6-tri-
aminobenzoic acid. This is followed by aromatic acid decar-
boxylation, as reported by Liou et al.53 Finally, hydrolysis and
mineralization lead to products such as CO2 and H2O. In the
second way, TAT can be converted into another substance
through the cleavage of the amine group and the addition of
the hydroxyl radical to the aminoaromatic.19 Subsequently, the
methyl group is attacked by cHO, leading to transformation
into 2,4,6-trihydroxybenzoic acid. Finally, the ring-opening
oxidation reaction results in the formation of organic acid
compounds, CO2, and H2O.
Conclusions

The experimental results when combining the sono–photo-
Fenton-like process with zero-valent iron nanoparticles show
that the optimal temperature for the reaction was 40–45 °C.
Under the optimal temperature conditions, increasing the
concentration of the heterogeneous catalyst from 0.5 mM to
4 mM enhanced the efficiency of TNT treatment. The highest
© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficiency for the removal of TNT in aqueous media was ach-
ieved at pH 2–3 and an H2O2/Fe

0 ratio of 20. The initial
concentration of TNT also affects the treatment efficiency.
Higher initial concentrations required longer reaction times.
Evaluation of the impact of ultrasound power and light intensity
showed that treatment efficiency increased with increasing the
ultrasound power and light intensity. Additionally, the optimal
wavelength for the experiment was 254 nm, while increasing the
frequency of ultrasound enhanced the treatment efficiency. The
research results also indicate that the efficiency of TNT treat-
ment using the sono–photo-Fenton-like process combined with
zero-valent iron catalyst was signicantly higher than that of the
photo-Fenton-like, sono-Fenton-like, and Fenton-like processes
under the same conditions. However, it is necessary to continue
with studies on the recovery and effective reuse of nano catalysts
in order to apply them to pilot scales.

Experimental section
Chemicals and instrumentation

The key materials and reagents were: 2,4,6-trinitrotoluene (95%,
Vietnam), Fe2SO4$7H2O, FeCl3$6H2O, CuCl2$2H2O (99%, Xilong
Scientic, China), NaBH4, NaOH, H2SO4 98% (Xilong Scientic,
China), H2O2 (30%, Analytical Reagent, China), de-ionized
water (Milli Q).

The experimental reactor for investigating the effectiveness
of the sono–photo-Fenton is shown in Fig. 11. The cylinder
reactor with a 1 L capacity was made of stainless steel (SUS 304)
with a tapered bottom to enhance the ultrasound wave trans-
mission efficiency. An ultrasonic transducer was attached to the
bottom of the reactor and connected to an ultrasonic generator
(with variable control of the frequency from 20 to 50 kHz and
power from 0 to 300 W, Sonigreen, Vietnam). A total of 4 UV
lamps could be placed in the axial position inside the reactor to
evaluate different UV power levels. The temperature inside the
reactor could be controlled through the temperature sensor and
cooling system around the reactor.

Synthesis of the nano zero-valent iron

Zero-valent iron nanoparticles were synthesized using a facile
chemical reduction method under atmospheric conditions.24
Fig. 11 Design of the experimental reactor for the sono–photo-
Fenton process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
First, 0.5406 g FeCl3$6H2O and 50 mL deionized (DI) water
were added to a 100 mL glass beaker and stirred at room
temperature until completely dissolved. Next, iron chloride
solution was added into a 500 mL three-neck round bottom
ask and constantly stirred using a magnetic stirrer. Next,
100 mL of NaBH4 0.1 M solution was titrated slowly into the
ask. Aer adding the reducing agent, this mixture solution
was continuously stirred for 2 h. The obtained black-colored
particles were ltered from the liquid phase through a Buch-
ner funnel by vacuum suction. The solid black product was
washed several times using absolute ethanol (99%). Finally,
the synthesized particles were dried in vacuum using a desic-
cator for 24 h.
Treatment efficiency experiments

The effects of each factor, including temperature (ranging from
25 °C to 50 °C), nZVI catalyst concentration (ranging from
0.5 mM to 4 mM), ultrasound frequency (20, 25, 40 kHz), and
light wavelength (185, 254, 313 nm) on the TNT treatment
efficiency by the sono–photo-Fenton-like process were evaluated
under the initial conditions: C0

TNT = 50.00 mg L−1, CH2O2
=

40 mM, UV lamp power = 10 W, ultrasound power = 60 W, and
pH 3.

In addition, the effects of pH (1–5) and H2O2/Fe
0 ratio (5–35);

initial TNT concentration (0–100 mg L−1), and reaction time
(10–50min); ultrasound power (20–100W) and UV power (10–40
W) were studied using Design Expert 13 soware through the
Response Surface Methodology (RSM) with a 5-point central
composite design (CCD). The model and regression equations
were validated for experimental t using an ANOVA test (with
a signicance level of P-value = 0.05).

Under the optimal conditions of pH 3, CH2O2
= 40mM, CFe0 =

2 mM, C0
TNT = 50 mg L−1, and reaction time of 30 min, experi-

ments were carried out to compare the TNT removal efficiency
of the sono–photo-Fenton-like, photo-Fenton-like, sono-Fenton-
like, and Fenton-like methods combined with nZVI.

Finally, experiments were conducted reusing the recovered
nZVI catalyst under the same conditions, i.e., pH 3, CH2O2

=

40mM, CFe0 = 2mM, C0
TNT= 50mg L−1, ultrasound frequency=

40 kHz and power = 60 W, UV wavelength = 254 nm and
power = 10 W, and reaction time of 30 min.
Analytical methods

The TNT concentration in the solution was analyzed using
a high-performance liquid chromatography (HPLC) system
(Agilent, USA, 1100 Series) with a Hypersil C18 column (200 × 4
mm), and mobile phase consisting of acetonitrile and water at
a ratio of 65/35, operating at a pressure of 280 bar, and pH 7.

The TNT treatment efficiency for each sample was calculated
following eqn (12):

H% ¼ C0 � Ct

C0

� 100ð%Þ (12)

where H is the treatment efficiency, and Co and Ct are the
concentrations of TNT at the initial time and at time t,
respectively.
RSC Adv., 2024, 14, 23720–23729 | 23727
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