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Abstract: Octagon (HMX) is a typical organic pollutant of explosives in the surrounding environments
of military factories, and it is widely regarded as a carcinogen which may enter the human body
through wastewater and atmospheric exposure, resulting in potential health risks. Therefore, this
paper studies the degradation of HMX by electrochemical oxidation. In this study, an electrochemical
system was built using a copper plate as the cathode and a Ti/PbO; electrode as the anode. The effects
of various process variables, such as the initial pH value, the current density, and the distance between
the electrodes, were investigated in relation to HMX degradation. Following this, performance
optimization and intermediate analysis were carried out, along with an estimation of the energy
consumption of HMX deterioration in various operating situations. The experimental results in this
paper show that when the electrolyte concentration is 0.25 mol/L, the current density is 70 mA /cm?,
the electrode spacing is 1.0 cm, and the initial pH is 5.0. Electrochemical oxidation has a better
treatment efficiency for pollutants, and the removal rate reaches 81.2%. The findings of kinetic
research reveal that the electrochemical oxidation degradation process of HMX follows quasi-first-
order kinetics, and protein stress and Deoxyribo Nucleic Acid (DNA) loss stress are significantly
different from other stress types throughout the whole degradation process. HMX degradation
solution causes damage to protein transcription or expression. However, some genes of oxidative
stress are continuously up-regulated, because H;O, and OH produced by electrochemical oxidation
cause a strong response to oxidative stress in cells. The research findings in this report offer crucial
guidance and suggestions for the industrialization of HMX wastewater treatment.

Keywords: HMX; degradation pathway; toxic action; microbiological degradation; ringed ammonium
nitrate

1. Introduction

The common cyclonitramine substances are cyclotrimethylene trinitramine (RDX),
HMYX, and hexanitrohexaazaisowurtzitane (HNIW), which are widely used in the chem-
ical industry and printing and dyeing industry. HMX is the explosive with the highest
energy level and the best comprehensive performance, and it is widely used in the warhead
charges of missiles, nuclear weapons, and anti-tank missiles because of its good explosive
performance [1]. Moreover, HMX is used to implant fissile materials into nuclear devices in
order to reach the critical mass, as well as components of solid fuel rocket propellants. One
of the main ways for ammunition compounds to enter the environment is to discharge the
wastewater generated during manufacturing and processing. The wastewater discharged
during the production and use of HMX contains a variety of toxic substances. Although the
number of pollutants is small, if proper treatment measures are not taken, they will be likely
to cause serious environmental pollution. Improper operation during the production and
use of HMX will seriously pollute the environment around the factory. HMX has clear toxi-
city, and the US Environmental Protection Agency has listed it as a priority pollutant [2-5].
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The toxicity of HMX is highly important for its biodegradation and transformation in the
environment. If the HMX content in the environment exceeds the tolerance concentration
of microorganisms, it will affect the activity of microbial communities, and then it will also
affect the key ecosystem functions dominated by microbial communities. To be used in
weapon models, energetic materials need to pass various performance tests. In addition
to energy and sensitivity, HMX's toxicity has attracted increasing attention. HMX is more
stable and capable of detonating than other types of conventional explosives. However, the
related toxic mechanism is still unclear. At present, the degree of automation in the field
of energetic materials production in China is not high, the limitation of material toxicity
on industrial production has not been fundamentally alleviated, and its prevalence rate
among employees after exposure has not substantially decreased. One of the main reasons
for this is that the poisoning mechanism of energetic materials is still unclear. In addition,
the toxicity of HMX is highly important for its biodegradation and transformation in the
environment. If the HMX content in the environment exceeds the tolerance concentration
of microorganisms, it will affect the activity of microbial communities, and then it will also
affect the key ecosystem functions dominated by microbial communities [6]. The HMX
concentrations in groundwater, wastewater, and soil samples are shown in Table 1.

Table 1. HMX concentration in groundwater, wastewater, and soil samples.

Sample Type Source HMX Concentration
Groundwater Groundwater in a chemical factory in Colorado 9.03 ug/L
Groundwater Groundwater in eastern Massachusetts 0.6 ug//L
Soil Contaminated soil in an ammunition factory 700 mg/kg
Soil Arms factories and shooting ranges 6.31 £ 1.71 mg/kg
Soil Explosive test site 45,000 mg/kg
Soil Near a military base 600~900 mg/kg
Soil Ammunition manufacturing effluent 12.0 mg/L
Soil HMX produced water 8.23 mg/L

Modern oxidation techniques can simultaneously remove contaminants and increase
the biodegradability of wastewater. A common method for treating difficult-to-biodegrade
organic wastewater is the electrochemical oxidation process, which employs an anode and
a cathode to convert electric energy into chemical energy in the presence of an external
electric field. Direct oxidation and indirect oxidation are two categories of electrochemi-
cal oxidation processes. Pollutants are adsorbed on the anode surface during the direct
oxidation process, where they are converted into tiny molecules of organic matter [7,8].
Direct oxidation comprises the oxidation of organic contaminants through the electrochem-
ical reaction that produces powerfully oxidizing intermediates such hydroxyl radicals,
chlorate, ozone, and hydrogen peroxide. Electrochemical oxidation has great potential
for the treatment of explosive wastewater because it can completely oxidize organic con-
taminants in wastewater and result in a low chemical oxygen demand and toxicity. Many
studies have been conducted in fields that are relevant to this one. Researchers have devel-
oped a number of techniques to degrade and detoxify textile wastewater in recent years.
Among them, Jadhav et al. (2022) [9] explored the advanced oxidation approach, which
was demonstrated to be an effective technique for breaking down dirty organic water
into beneficial forms. The authors developed a synchronous X-ray-irradiation-assisted
advanced oxidation process to degrade single- and mixed-color industrial wastewater
solutions. Khue et al. (2021) [10] proposed that explosive compounds are harmful to the
environment and pose a serious threat to human and animal health and ecosystems. The
paper’s main goal was to assess the efficiency of ammonium nitrate explosives’ UV /H,0,
degradation and photo-Fenton and electrochemical /UV/H,O; processes at a near-neutral
pH. At present, there are few studies on the effects of HMX on human health. It has been
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reported that in HMX exposure experiments on rats, HMX may affect the liver and central
nervous system if it is consumed or comes into contact with the skin, according to research
on mice and rabbits. However, the mechanism of these adverse effects of HMX on the
liver and nervous system is not clear. Through research records on various animals, it was
found that the chronic effects of HMX include a decrease in hemoglobin, increase in serum
alkaline phosphatase, and decrease in albumin [11]. The effects of HMX on reproduction
and development have not been fully studied in humans or animals. However, studies
have recorded the toxicity of HMX to most organisms, including soil microorganisms,
plants, earthworms, invertebrates, and vertebrates. To sum up, the toxic changes in HMX
and its degradation by-products can be studied in-depth using toxicological genomics
technology, and the dose—effect relationship and mechanisms of different cell stress genes
or pathways during HMX degradation can be revealed, thus providing a scientific basis for
health risk assessment and the construction of prevention and control measures for HMX
wastewater [12].

The electro-chemical oxidation system reported in this paper was built using a copper
plate as the cathode and a Ti/PbO, electrode as the anode based on the aforementioned
research advances and inadequacies. In regard to HMX degradation, the impacts of several
process variables, such as the initial pH value, current density, and electrode distance,
are investigated. Several operating conditions are used to assess how much energy HMX
deterioration consumes. The electro-chemical oxidation reaction mechanism is revealed
as a result of performance improvement and intermediate analysis, which offers crucial
information and direction for the industrialization of HMX wastewater treatment.

2. Materials and Methods
2.1. Preparation of Experimental Materials and Culture Medium

The main reagents used in this paper are shown in Table 2.

Table 2. List of experimental chemical reagents.

Number Experimental Reagent Specification
1 LB Broth AR
2 Kanamycin Monosulfate Valence > 750
3 M9 Minimal Salt, 5% AR
4 Calcium chloride AR
5 Glucose AR
6 Magnesium chloride hexahydrate AR

The main instruments and equipment used in this paper are shown in Table 3.

Table 3. Experimental instruments and equipment.

Number Instrument Name Model/Brand
1 Ultra-pure water machine UPTL-I-20L+EDI
2 Table QYC-200
3 Electronic balance CP214
4 Automatic pipetting station epMotion 5075t
5 Enzyme-labeled instrument Cytation5
6 Biological incubator WP25AB
7 Clean bench Sujing
8 Vertical autoclave LDZX50KBS
9 Ultrasonic cleaning machine Jipad22-500
10 Fluorescence spectrometer Hach
11 Ultra-low-temperature freezer Corning
12 Liquid chromatography Perkinelmer
13 Liquid chromatography-mass spectrometry 8050 Triple Quadrupole

14 Magnetic stirrer MYP11-2
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2.2. Experimental Design

The electrochemical reactor (8.7 x 9.2 x 12 ¢cm, 500 mL) used in this experiment
can be seen in Figure 1 [13]. The dimensions of the Ti/PbO; anode and Cu cathode are
5.0 cm x 10.0 cm and 5.0 cm x 6.0 cm, respectively. The process is as follows: Dissolve
10 mg HMX in 500 mL deionized water, stir and dissolve at 45 °C, and finally, obtain HMX
wastewater with a concentration of 20 mg/L. Use diluted H,SO4 (1 mol/L) and NaOH
(1 mol/L) to adjust the pH value of the HMX wastewater. Establish different electrochemi-
cal oxidation systems with HMX as the target pollutant and carry out batch experiments.

2
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Figure 1. HMX wastewater treatment electro-oxidation system [14] (1. DC power supply, 2. copper

r Y

wire, 3. anode, 4. cathode, 5. electrolyte, 6. rotor, 7. magnetic stirrer).

During the experiment, samples are taken at different time intervals (0 min, 15 min,
30 min, 45 min, 60 min, 90 min, 120 min, 150 min, and 180 min) assessing the influencing
experimental factors, such as different Nay;SOy4 electrolyte concentrations (0.05 mol/L,
0.1 mol/L, 0.15 mol/L, 0.2 mol/L, 0.25 mol/L) and different current densities (10 mA /cm?,
20 mA/cm?, 30 mA /cm?, 40 mA /cm?, 50 mA /cm?). Finally, the best removal conditions
for HMX wastewater are determined based on different electrolyte concentrations, current
densities, and pH values. All the test solutions are taken from the supernatant, filtered using
a 0.45 um organic filter, and stored in high-pressure liquid chromatography (HPLC) vials
for testing. The best experimental conditions are chosen, and samples of HMX wastewater
are then collected in various time periods for further toxicological analysis.

2.3. Analytical Method

This method employs HPLC, or high-performance liquid chromatography, to measure
the quantity of the HMX solution [15-19]. The mobile phase is composed of 40% acetonitrile
and 60% water, and a C18 column is employed. The measurement wavelength of the HMX
solution is 236 nm. The flow rate is 0.7 mL/min, the injection volume is 20 L, and the
column temperature is fixed at 35 °C.

The mathematical calculation method of the HMX degradation efficiency can be
written as shown in Equation (1):

R(%) = 1— (Cy/Ct) x 100% 1)

In Equation (1), Cp and C; are the initial concentration of HMX and the residual
concentration at different treatment times, respectively.
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2.4. Data Processing

In this paper, a histogram and scatter plot drawn using ORIGIN 2021 are provided [20-23].
In order to evaluate the stress category or gene activity, according to the previous research, the
gene list is sorted by the TELI value for Gene Set Enrichment Analysis (GSEA). The enrichment
score is determined for each stress reaction category by comparing the genes in order of high
to low ranking. High scores are given if the genes are part of significantly altered pathways;
otherwise, low scores are provided [24,25]. Each pathway’s relevance (p < 0.05) is determined by
comparing its ranking score to the corresponding empirical distribution.

3. Result and Discussion
3.1. Influence of Electrolyte Concentration on Degradation of HMX by Electrochemical Oxidation

Na,SO, was studied when the current density was 35 mA/ cm?, the HMX concentra-
tion was 22 mg/L, the distance between the electrodes was 2 cm, and the pH value was
7.0. Figure 2 shows the influences of different electrolyte concentrations on HMX removal
efficiency and energy consumption.

70 = 0.05M Na,SO,
® 0.10MNa,S0,
] A 0.15M Na,SO, 4 2.0
S 60 —O— 0.20M Na,S0, A/f/.
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Figure 2. Effects of different electrolyte concentrations on HMX removal efficiency and energy
consumption ((a) concentration; (b) energy consumption).

As shown in Figure 2a, when the concentration of Na;SOj is 0.05 mol/L, 0.1 mol/L,
0.15 mol/L, 0.20 mol/L, or 0.25 mol/L, the removal efficiency of HMX is 21%, 22%, 24%,
26%, or 27%, respectively, after 10 min of experimentation. After 30 min, the removal
efficiency of HMX is 30.2%, 31%, 33%, 34%, or 38%, respectively. This shows that as the
concentration of NaySOj rises, the removal efficiency of HMX does as well. The removal ef-
ficacy of HMX is the highest in Figure 2b, where the concentration of NaySOj is 0.25 mol /L,
and there are no negative effects. In conclusion, the best electrolyte concentration obtained
in this study is 0.25 mol/L NaySOy.

3.2. Effect of Current Density on Degradation of HMX by Electrochemical Oxidation

In this paper, the influence of current density on HMX elimination is investigated
at pH 7.0, a 0.25 mol/L electrolyte concentration, a 22 mg/L HMX concentration, and
a 2 cm distance between the electrodes. Figure 3 displays the experimental findings for
energy consumption and the impacts of various current densities on the effectiveness of
HMX elimination.

In Figure 3a, the clearance rate of HMX increases with the increase in the applied
current density. In total, 180 min is needed to reach the greatest clearance rate of 76.6%
at a current density of 70 mA /cm?. Figure 3b shows that as the applied current density
increases, so does the energy dissipation required to remove the HMX. At a current density
of 70 mA /cm?, the energy consumption is 3.4 kwh/g. Since the initial HMX concentration
was fixed throughout this study at 22 mg/L, the mass transfer rate was constant and
somewhat sluggish in all the tests. The electrochemical oxidation rate of HMX cannot be
considerably improved by increasing current density; hence, other degradation pathways
should contribute more to HMX degradation, leading to a higher degradation rate. Yet, the
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current density of 70 mA /cm? was considered to be the best circumstance for the ensuing
studies due to the thorough analysis of several elements.
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Figure 3. Effects of different current densities on HMX removal efficiency and energy consumption
((a) concentration; (b) energy consumption).

3.3. Effect of Electrode Spacing on Degradation of HMX by Electrochemical Oxidation

When the current density was 70 mA /cm?, the electrolyte concentration was 0.25 mol /L,
the HMX concentration was 20 mg/L, and the pH value was 7.0, the effect of the distance
between the electrodes on HMX removal was investigated. Figure 4 shows the effects of
different electrode distances on HMX removal efficiency and energy consumption.

804 |—=— 05cm|

EC(kwh/g)

0+ T T T T T T T T T 1 1
0 20 40 60 80 100 120 140 160 180 200 0

Time (min) ' { ' '2

Inter-electrode (cm)
(a) (b)

Figure 4. Effects of different electrode spacing on HMX removal efficiency and energy consumption
((a) concentration; (b) energy consumption).

In Figure 4, the removal efficiency of HMX is 72% when the distance between the
electrodes is 0.5 cm after 200 min, 75% when the distance between the electrodes is 1 cm
after 200 min, and 73% when the distance between the electrodes is 1.5 cm after 200 min.
When the distance between the electrodes is 2 cm, the removal efficiency of HMX is 74%,
and when the distance between the electrodes is 2.5 cm, the removal efficiency of HMX is
73%. This shows that the distance between the electrodes has no clear effect on the removal
efficiency of HMX, and it is stable at approximately 75%. The electrode plate spacing of
1.0 cm is depicted in Figure 4a,b as the best.

3.4. Effect of pH on Degradation of HMX by Electrochemical Oxidation

The pH value of the solution affects the removal performance of organic pollutants
in electrochemical oxidation systems. The conditions of strong acidity (pH = 3.5), acidity
(pH = 5.5), neutrality (pH = 7.5), and alkalinity (pH = 9.5) were selected to evaluate the
effect of pH value on HMX removal. Figure 5 shows the effects of different pH conditions
on HMX removal efficiency and energy consumption.
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Figure 5. Effects of different pH conditions on HMX removal efficiency and energy consumption
((a) concentration; (b) energy consumption).

The clearance rate of HMX after 180 min of ethylene oxide treatment was 76.2% in
an acidic environment (pH = 5.5); however it was only 48.4% in an alkaline environment
(pH =9.5). The results show that the electrochemical system operates more effectively in
an acidic environment because an increase in the pH value of the solution decreases its
oxidation potential and promotes its oxidation reaction, which decreases the effectiveness of
pollutant removal. In summary, acidic environments (pH = 5.5) have the highest clearance
rate for HMX.

3.5. Reaction Kinetics Analysis

In this paper, the degradation kinetics of industrial wastewater containing HMX is
analyzed. According to the optimized experimental conditions obtained with a single factor,
the micro-electrolysis degradation kinetics experiment was carried out: water samples
were taken every 60 min, and the HMX concentration was measured for 200 min at the
last time point, and the HMX values of the wastewater were determined at different time
points. According to the change in the HMX concentration in the wastewater over time,
the HMX concentration was linearly fitted according to the zero-order, first-order, second-
order, and third-order reaction kinetic equations. The electrochemical oxidation time t was
linearly fitted with Ct, Ln(Cy/Cy), (1/C¢ — 1/Cp), and (1/ C2 —1/Cp?)/2, respectively. The
calculation results are shown in Table 4 and the fitting results are shown in Table 5.

Table 4. Calculation table of reaction time and reaction order (pH = 5.5).

Reaction Bef0¥e the After the Reaction C, 1/C¢ — 1/Cy (1/C2 — 1/C2)/2

Time (min) Re?;:;(l)lrj)Cg (mg/L) Co/C¢ Ln(Co/Cy) ar 10°
0 20.00 0.00 0.000 0.001 0.000

15 18.35 1.07 0.069 3.612 187.122

30 17.28 1.12 0.131 7.210 386.541

45 20 15.49 1.25 0.221 13.223 754.811

60 13.69 1.45 0.331 21.201 1306.491

90 12.48 1.60 0.504 32.731 2175.812

120 9.15 2.00 0.691 50.484 3798.551

Table 5. Linear fitting table of reaction kinetics at all levels (pH = 5.5).

Reaction Order Fitting Equation Correlation Coefficient R?
Zero y = 0.0128x + 0.476 0.912
First y = 0.0076x — 0.047 0.987
Second y =0.611x — 11.197 0.921
Third y =63.011x — 1620.2 0.814

In Table 5, the fitting correlation coefficients R? of the zero-order, first-order, and
second-order reactions are all greater than 0.90, indicating that the correlation is good.
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The linear kinetic equations of electrochemical oxidation degradation of some organic
compounds are mostly low-order reactions; thus, it can be considered that the degradation
of HMX in refractory organic wastewater by electrochemical oxidation conforms to the
first-order kinetic law.

3.6. Electrochemical Degradation Mechanism of HMX

LC-MS/MS was used to analyze the intermediates of the electrochemical oxidative
degradation of HMX. Table 6 and Figure 6 show the MS results of the treatment of the HMX
intermediate using the electrochemical oxidation system over 180 min.
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Figure 6. Ion spectra of HMX degradation intermediates in the positive ion mode ((a) Intermediate
1; (b) Intermediate 2; (c) Intermediate 3; (d) Intermediate 4; (e) Intermediate 5; (f) Intermediate 6;
(g) Intermediate 7).
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The HMX degradation intermediates in the positive ion mode are C4HgNgOg, C4HgNgOy,
C4H7N70s, C4HoN7Og, CH5N303, C4HgNgOo, and CHyN4Oy.

Table 6. Main degradation intermediates of HMX.

. . CAS
Mid Product M-+[H] Possible Molecular Formula Molecular Structure (Chemical Abstracts Service)
O,N. NO,
NN
Original 297 C4HgNgOs < > 2691-41-0
sample N N
SN N
O,N NO,
NO
O,N_ .
NN
I 281 C4HgNgOy < > 5755-28-2
N N
SN N
O,N NO,
O2N\N/\ NO
i 234 C4H7N705 < /> -
N N
ON ~—
OzN\N/\ MNO
OH
il 252 C4HyN7O¢ -
N NH
ON ~—
HN NH
v 120 C>HsN;0; oN e, “cHo 479422-92-9
OH
NO.
O,N_ SN2
Ny Ay
v 313 C4H;sN5O0 > —
N N
N
ON NO,
O,N . .NO,
VI 137 CH,N,0, PONTONT 14168-44-6

s
s

These findings led to the identification of two potential HMX degradation routes. In
route A, the copper cathode of the electrochemical device reduces the nitro group on HMX
to produce the mononitrate derivative INO-HMX (intermediate I, m/z = 281). In route B,
the carbon group of HMX interacts with electrochemically produced OH to produce the
hydroxyl-containing intermediate V (m/z = 313). Figure 7 shows the possible methods of
electrochemical degradation of HMX.

NO

NO, NO ON NO ON_ o~ s
OZN\N/\N> ° . ON‘NAN) < ‘N/\N> N oH
-
< Patha < > < I <
N N, N N N N N NH
oN Y Yo oN > \o, oN oN 7
1 2 3
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OH NG NH +N20 + Na+ Hjh“
ON NO, oN" cH, ‘cHo "2 2

? \<\' \'> 4
- . L + ON{ A~ -NO, JL
03\’\\/\\02 HZ'\J NH2 H H oo

NH2
5 6

NH; + NOj + Np+ Hj})H

|

CO.

Figure 7. Possible methods of electrochemical degradation of HMX.
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3.7. Changes in Toxic Effects during Electrochemical Oxidation Degradation of HMX

In this study, based on the method of E. coli toxicology genomics, the toxic effects
of electrochemical oxidation of HMX products were analyzed, and the stress effects of
114 marker genes were detected. Because the gene changes are extremely complicated, the
results are summarized according to five types of stress reactions, and the results obtained
at different reaction times are analyzed. Figure 8 shows the toxicity profile based on TELI
at different treatment times.
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Figure 8. Toxicity profile based on TELI at different treatment times ((a) 0 min; (b) 60 min; (c) 120 min;
(d) 180 min).

Figure 8a—d shows that the initial HMX sample caused the tested E. coli cells to produce
higher oxidative stress and protein stress reactions. With Fenton oxidation of HMX, the
TELI value of protein stress continued to increase up to the 30th minute. Up to the 120th
minute, the TELI value of protein stress continued to be greater than 1.1, with no apparent
decrease. The results showed that the electrochemical degradation of HMX continued to
affect the process of protein synthesis in E. coli. By 180 min, although the TELI of protein
stress was decreased, it was still greater than 1.1.

4. Discussion

The metabolites of HMX degradation explored in this paper are compared with those
of Yang et al. (2021) [26]. It is not difficult to find that there are two ways to degrade HMXin
this paper. In route A, the nitro group on HMX is reduced on the copper cathode of the EO
system and produces the mononitro derivative INO-HMX, and intermediate II contains an
active imine bond, formed by N-denitration. This intermediate reacts with water, unstable
a-hydroxy-alkyl nitroaniline is formed, and then 4-nitro-2,4-diazo butyraldehyde, N,O,
and formaldehyde are produced by ring cracking. In route B, OH produced in the EO
process reacts with HMX on a carbon basis, and an intermediate containing a hydroxyl
group is generated. Subsequently, the intermediate undergoes cyclic cracking to produce
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other intermediates, such as methylene dinitramine and urea, findings which are similar to
the research results in [27,28].

5. Conclusions

HMX is among the explosives with the highest energy levels and has the best com-
prehensive performance, and it is widely used in the warhead charges of weapon systems
because of its good explosive performance. However, HMX is a toxic energetic compound.
HMX wastewater contains various toxic substances, which can harm human health if not
directly discharged. Therefore, an electrochemical oxidation system is used to treat the
degradation of HMX in wastewater. It was found that when the electrolyte concentration
is 0.25 mol/L, the current density is 70 mA /cm?, the electrode spacing is 1.0 cm, and the
initial pH is 5.0, electrochemical oxidation has a better treatment efficiency for pollutants.
The results of our kinetics study show that the electrochemical oxidation degradation
process of HMX follows quasi-first-order kinetics, and protein stress and DNA loss stress
are significantly different from other stress types throughout the whole degradation pro-
cess. HMX degradation solution causes damage to protein transcription or expression.
However, some genes of oxidative stress are continuously up-regulated, because H,O, and
OH produced by electrochemical oxidation cause a strong response to oxidative stress in
cells. However, there are some shortcomings of this paper. In the future, we will study
the toxic mechanisms and sizes of different degradation products of HMX and provide a
scientific basis for its health risk assessment and prevention and control measures.
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