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Abstract 4-[N-(2-cyanoethyl)-N-ethylamino]-4′-nitroazo-
benzene (disperse orange 25, DO25) is one of the main com-
ponents in dyeing wastewater. In this work, supercritical water
oxidation (SCWO) process of DO25 has been investigated
using the molecular dynamic simulations based on the reac-
tive force field (ReaxFF). For the SCWO system, the effects of
temperature, the molecular ratio of DO25, O2 and H2O as well
as the reaction time have been analyzed. The simulated results
showed that the aromatic rings in DO25 could be attacked by
hydroxyl radical, oxygen molecule, and hydroxyl radical to-
gether with oxygen molecule, respectively, which caused the
aromatic ring-opening reaction to happen mainly through
three different pathways. The hydroxyl radicals were mainly
from water clusters and H2O2 (which was produced from ox-
ygenmolecules reactingwithwater clusters). However, for the
SCW system as comparison, the aromatic rings in DO25
could be attacked by hydroxyl radical only, and the OH radi-
cals just come from water clusters. During the DO25 SCWO
degradation process, we also found that N elements in one
DO25 molecule were difficult to be converted into environ-
mentally friendly N2 molecules because of steric hindrance,
but increasing the number of DO25 molecules could improve
the possibility for the connection of N elements, thus promot-
ing N element converting into N2. Extending reaction time

could also improve N elements in DO25 to transform into
N2 rather than carbonitride.
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Introduction

With the economic development increasing rapidly, industrial
water has been consumed more and more, thus causing more
wastewater discharge, which does much harm to our environ-
ment, especially for nitrogen-containing organic wastewater
such as dyeing wastewater and pharmaceutical wastewater
[1]. Generally, nitrogen-containing wastewater is difficult to
be decomposed through biodegradable method owing to its
complex components and stable structure. As an innovative
technique of treating non-biodegradable wastewater, super-
critical water oxidation (SCWO) proposed by Modell [2] has
been widely investigated [3–6].

When the temperature and pressure reach the critical point
(TC≥374.15 °C, PC≥22.1 MPa), water will become a kind of
solvent with high diffusivity and excellent transport properties
[2] and this character offers a wide field of research. For ex-
ample, Bi et al. [7] investigated the pyrolysis of coal-tar
asphaltene to further understand the degrading mechanism
of coal-tar in SCW. A significant conclusion has been made
that the conversion yield of coal-tar asphaltenein SCW was
much higher than that in N2, and it has been also used in
treating wastewater [8–11]. Dyeing wastewater takes a large
proportion of non-biodegradable wastewater, and its being
treated by SCWO has achieved great progress. MesutAkgun
et al. [10] chose DO25 as their model to study the SCWO of
non-biodegradable wastewater in a tube reactor, and their re-
sults demonstrated that DO25 could be broken into water,
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carbon dioxide, and oxynitride. Then several kinetic equations
were constructed in theory, which was in accordance with
their experimental data. Their kinetic equations are described
as follows. The symbol k(T) is the reaction rate constant and
XCOD stands for the conversion of COD. Based on the follow-
ing equation, the author drew a plot between 1/T and lnk(T),
and the figure showed the data points for the temperature
dependence of the pseudo-first-order Arrhenius rate constant
k, calculated for each run.

k Tð Þ ¼ −ln 1−XCODð Þ
t

Gong et al. [8] investigated the effects of pressure, temper-
ature, and oxidant dosage ratio on the removal of chemical
oxygen demand (COD) of dyeing wastewater in SCWO sys-
tem and a COD removal of more than 98.4 % was achieved at
704 K and 28 MPa. Ivette Vera Pérez et al. [9] chose phenol
and 2,4-dinitrophenol as models to investigate the processes
of their degradation by SCWO. The results showed that both
of the two models were decomposed into low molecular sub-
stances in suitable temperature, oxygen excess, and pressure.
Recently, Zhang et al. [11] set up a small organic laboratory
wastewater treatment plant of supercritical water oxidation.
They optimized the experimental condition at the temperature
of 440 °C, pressure of 26 MPa, residence time of longer than
70 s, hydrogen peroxide as oxidant with 2.6 times of excessive
rate. The contents of organic pollutants and TOC met the
discharge standard GB8978-1996 after their treatment pro-
cess. So it can be seen that SCWO method is an effective
way in treating non-biodegradable wastewater.

Although these researchers made some conclusions from
their experimental phenomena, they did too little about
SCWO mechanism, which is quite significant for process de-
sign and industrialization. In order to understand the SCWO
mechanism of methylamine, Oshima [12] et al. proposed an
elementary reaction model for the SCWO of methylamine
based on a combustion mechanism that involved reactions
relevant to NH2CH2O2, and their proposedmodel was in good
agreement with the experimental data. They gave the major
reaction paths for the predicted results about the SCWO of
CH3NH2 by their own experiments. Fujii et al. [13] investi-
gated the roles of water as a recant in SCWO with methanol
decomposed by experimental methods. They found that a re-
action, HO2+H2O=OH+H2O2, enhanced the OH radical pro-
duction and thereby facilitated the degradation of methanol.
Chang et al. [14] studied the degradation of 2,4,6 –trinitrotol-
uene (TNT) in SCWO. By identifying TNT products using
gas chromatograph-mass spectrometer-computer, they con-
cluded that the main intermediate products of TNT degrada-
tion were linear paraffin, several dimers and directly oxidation
products of TNT, such as toluene, trinitrobenzene, and

dinitrotolune, and the TNT degradation reaction in SCWO
was a free-radical reaction in which the free-radical generation
relied on O2 attacking C-H bond of organic molecule. Wang
[15] et al. investigated SCWO of Changzhi bituminous coal
and the kinetic equation they constructed matched well with
the free-radical mechanism. Savage et al. [16] conducted some
experiments about methane oxidation in SCW between 525
and 585 °C and at 25 MPa for residence time between 3.2 and
7.6 s in an tubular flow reactor. They concluded that OH, O2

and HO2 in SCW could react with methane to promote its
degradation.

In the processes of nitrogen-containing organic wastewater
degradation, the investigation of the migration of N element is
also very important. It determines whether the N-containing
products are environmentally friendly or not. Garcia-Jarana
et al. [17] performed a series of experiments to find the best
oxidant dosage to obtain the maximum organic conversion
using N, N–dimethylformamide as a model for nitrogen-
containing hydrocarbons in wastewaters. They drew a conclu-
sion that the reaction parameters have great effects on the
generation of nitrogen-containing such as NH4

+, NO2
−, and

NO3
−. In other studies, aminomethane was found to be con-

verted into N2 and N2O after SCWO progress conducted by
Benjamin and Savage [18] who have investigated the degra-
dation of aminomethane in SCWO by experimental method.
In addition, Kim et al. [19] carried out a research with an aim
of a commercial plant to treat BTransformer oil contaminated
with polychlorinated biphenyls (PCBs)^ by a SCWO process
showing that except for N2, NO and NO2 were identified as
well.

The N-containing models that the above investigations in-
volved are relatively simple, which could not represent the
main component of dyeing wastewater. Disperse orange 25
(DO25) is short for 4-[N-(2-cyanoethyl)-N-ethylamino]-4′-
nitroazobenzene. Its molecular structure (shown in Fig. 1)
contains two aromatic rings, both of which are connected with
a nitrogen-containing group. DO25 is a kind of dye which
used for coloring plastics, and it is also the main component
of non-biodegradable dyeing wastewater [20]. Therefore,
DO25 was chosen in the present study to investigate the
SCWO degradation mechanism of non-biodegradable dyeing
wastewater using reactive molecular dynamics simulation.

Fig. 1 The molecular structure of DO25 with serial number of benzene
rings and nitrogen atoms
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Our simulation results show that the generated products in-
clude CO2, H2O, NOx and other intermediate products and it
is consistent with Mesut Akgun’s work [10]. Our theoretical
work would not only be helpful for the application of SCWO
technology in the field of non-biodegradable wastewater treat-
ment, but also help facilitate the conceptual design and anal-
ysis of chemical processes based on SCW reaction media.

Computational methods

Simulation details

In our present work, a kinetic investigation of oxidation for
DO25 in SCW using ReaxFF method has been carried out.
ReaxFF, developed by van Duin et al. [21], is a general bond-
order potential and can be used to fully address the chemistry
of dynamic bonds and polarization effects. It is able to de-
scribe the evolving of formation, transition, and dissociation
of chemical bonds in a molecular systemwhen combined with
molecular dynamics. Up to now, ReaxFF has been applied to
combustion [22, 23], coal pyrolysis [24], and nanotube [25].
Wei et al. [26] used ReaxFF reactive force field to perform a
series of molecular dynamics simulations (MDSs) on a
unimolecular model compound to investigate the detailed
mechanisms for lignite methanolysis. Their work illustrates
that the ReaxFF reactive force field can give an atomistic
description of the initial mechanism for methanolysis and pro-
vides useful insights into the complicated reaction processes.
Our previous study has also investigated the coal gasification
based on the Wiser model in the SCW media using ReaxFF
and DFTmethods [27]. From the study, we concluded that the
water clusters in SCW turned into H radical-rich after provid-
ing OH radicals to the cyclic rings and it was the main
source for the production of hydrogen molecules in
SCW-coal system. The OH radicals were able to bind
with coal intermediates to accelerate their being convert-
ed into small fragments. Besides, our previous methods
and results provide effective evidence for the applicabil-
ity of ReaxFF to SCW system. As a result, it is certainly
reasonable for the application of ReaxFF in SCWO
system.

Firstly, the DO25 structure in a three-dimensional model
was optimized by the Dmol [3] module in theMaterials Studio
software supplied by Accelrys Inc. Partial energy analysis was
also completed using the Dmol [3] module allowing us to
calculate the chemical bond cracking energy. The density
functional theory (DFT) calculations using Materials Studio
software were at the level of the generalized gradient approx-
imation (GGA) with the Becke–Lee–Yan–Parr (BLYP) func-
tional employed [28]. The double numerical plus polarization
(DNP) basis set was also employed here and the energy con-
vergence criteria were set to be 0.00001 Hartree. Next, the
initial structure of the reaction systems were built in accor-
dance with the ReaxFF dynamics simulation in LAMMPS
software (http://lammps.sandia.gov/). The reaction systems
were constructed in periodic boxes employing the
amorphous cell module. The density of pure water in
supercritical state was fixed in 0.250 g/cm3. In order to
reveal the mechanism for SCWO of DO25 more clearly,
another supercritical water (SCW) system without O2 was
created with the density of 0.250 g/cm3 of pure SCW. The
reaction temperature range was between 1900 and 2700 K
with an interval of 200 K. Factually, researchers always
choose a relatively high temperature to investigate the reaction
mechanism to save simulated time based on the reactive force
field. Wei’s group [26] also used ReaxFF reactive molecular
dynamics simulations to investigate the lignite degradation in
supercritical methanol at a high temperature of 2200K and got
a good result. William A. Goddard III, the developer of
ReaxFF reactive force field, has tested the effect of the
different temperature scales between simulation and ex-
periment on the thermal decomposition of brown coal,
and they concluded that it may certainly affect product
distributions, but the reaction processes were not affected
[29]. About this illustration, our previous work [27] has
demonstrated it quite clearly. So in order to make the
calculation cheap, a temperature range from 1900 to
2700 K and a density of 0.250 g/cm3 for SCW were
chosen. The special simulated conditions of the two sys-
tems (SCWO and SCW) are listed in Table 1.

In the simulation, the time step was set as 0.25 fs and the
NVTensemble was applied for all the ReaxFF calculations. A
multi thermostat with a damping constant of 25 ps NVT

Table 1 Simulated conditions in reaction systems

System number System 1 System 2 System 3 System 4 System 5

DO25: O2: H2O 1:20:45 1:40:90 5:100:200 10:200:200 1:0:45

Density of pure (g/cm3) 0.250 0.250 0.250 0.250 0.250

Density of system (g/cm3) 0.547 0.497 0.584 0.919 0.350

Temperature (K) 1900–2700a 1900–2700 2100–2700b 2100–2700 1900–2700

a 1900–2700 stands for a series of temperatures with an interval of 200, including 1900, 2100, 2300, 2500, 2700
b 2100–2500 stands for a series of temperatures with an interval of 200, including 2100, 2300, 2500, 2700

J Mol Model  (2015) 21:54 Page 3 of 13  54 

http://lammps.sandia.gov/


calculation was used for the initial temperature from 0 to
300 K with a rising rate of 12 K/ps, then the system was
equilibrated at 300 K for 2.5 ps. In order to investigate the
effects of temperature on SCWO, a series of different temper-
ature values were set and shown in Table 1. So heating up
simulations were carried out from 300 K to different reaction
temperatures at the rate of 40 K/ps. Next, the reactive molec-
ular dynamics simulations were carried out for 250 and
500 ps, respectively. The calculations were repeated for three
times in each of the reactive conditions and every calculation
result was analyzed in detail independently.

Results and discussion

The effects of temperature and molecular ratios on SCWO

Temperature has great effects on SCWO reaction according to
previous report and higher temperature contributes to more
complete and higher rates of reactions [30]. In our study,
1900 K, 2100 K, 2300 K, 2500 K, and 2700 K have been
chosen to explore the effects of temperature on SCWO. Be-
cause the kinetic energy stayed unchanged at the same tem-
perature due to the NVT ensemble and the total energy is the

Fig. 2 The changes of total energy and total number of fragments with
time in system 1 (a, c) and 2 (b, d). The final product distribution in
system 1 (e) and system 2 (f). BTotal energy^ is the sum of potential
energy and kinetic energy of the whole reaction system; BTotal number

of fragments^ is the sum number of all the produced products and
intermediates in the reaction system; BNumber of molecules^ is the
number of produced product and intermediate respectively
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sum of potential energy and kinetic energy, the total energy
was employed to reveal the energy change of the reaction
systems. The change of the total energy of the systems with
the simulated time for system 1 and system 2 are shown in
Fig. 2a and b. For the higher temperature (T=2700 K), the
total energy stayed nearly unchanged within the first 35 ps and
then began to decrease quickly. When the total number of
fragments keeps nearly unchanged, we suppose the reaction

to be in a stable state, and the same situation for the potential
energy change. When the time reached about 210 ps, the po-
tential energy stopped decreasing, indicating that the system
was in a stable state. It was in harmony with the total number
of fragments that is also unchanged at 2700 K shown in
Fig. 2c and d. The trends of total energy at other temperatures
were similar to the results at 2700 K except the decreasing
speed is slower at lower temperature, indicating that the reac-
tion rates were accelerated gradually with the higher temper-
ature. Therefore, the number of the products at higher temper-
ature is larger than that at lower temperature (shown in Fig. 2c
and d). Owing to the increment of water (H2O) and oxygen
molecules (O2) in system 2, DO25 had a greater chance to
collide with them and was easier to be degraded to produce
more fragments than that in system 1 at the same temperature,
which led to that the total number of fragments for system 2
was larger than system 1.

Investigation of the intermediates and products is also es-
sential to get a thorough understanding of the SCWO mecha-
nism. Figure 2e and f showed the intermediates and product
distribution at the end of 250 ps in system 1 and system 2.
During the ReaxFF calculations, most of the intermediates had
very short lifetime. Thus, it was difficult to be detected by the
current experimental measurements. In the same reactive sys-
tem, more water was generated at a higher temperature.

Table 2 The results of aromatic ring-opening reaction in system 1 within 250 ps

Temperature
(K)

Times of
repetition

Ring 1 opening Ring 2 opening

Pathwaya Timeb (ps) Attacking positionc Pathway Time (ps) Attacking position

OH O2 OH O2

1900 1 OH, O2 52.900–72.575 b f No ring opening

2 OH 8.975–30.008 c – OH, O2 12.225–71.450 C D

3 No ring opening O2 198.325–205.250 – A

2100 1 O2 2.100–10.475 – b O2 176.550–184.250 – A

2 OH, O2 30.775–52.050 d b OH, O2 32.500–178.200 D B

3 O2 38.325–61.200 – a OH 91.000–187.750 D –

2300 1 OH, O2 69.600–116.375 d c OH 140.350–194.100 A –

2 OH, O2 30.775–55.750 d b OH, O2 48.475–178.200 C B

3 O2 52.800–58.550 – a OH 20.125–44.875 C –

2500 1 O2 2.000–8.700 – d O2 0–6.275 – C

2 OH 1.475–2.425 c – O2 * – A

3 Pyrolysis 24.950–25.050 – – OH 71.125–92.500 D –

2700 1 O2, OH *d c a OH * C –

2 OH 0.900–17.525 b – O2 * – B

3 OH 46.900–49.075 b – Pyrolysis 76.425–76.925 – –

a Aromatic ring opening pathway under the action of OH, O2 and pyrolysis
b The beginning and ending time of ring opening
c The symbol of carbon as shown in Fig. 1
dAromatic rings open in the heating up process

Fig. 3 The reaction paths among free radicals and molecules in SCW
( −carbon; −oxygen; −hydrogen; −nitrogen)
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Among the two systems, the number of water molecules
seemed to be analogous (except T=2300 K) at the same tem-
perature. However, the quantity of the carbon dioxide in sys-
tem 2 was larger than that in system 1, illustrating that the
increase of oxygenwas beneficial for the production of carbon
dioxide. We found that there were some intermediates called
C2 or C3 components at low temperature, and their structures
were similar to carbon dioxide dimer or trimer. Once the tem-
perature rose to a suitable value, these intermediates would be
broken into carbon dioxide. At 2700 K, most of the H atoms
from DO25 were converted into water whose hydrogen also
come from SCW due to the homogeneous reaction in SCW
[31, 32], and the same went for other temperatures. The de-
tailed information of the reaction pathway will be discussed in
section BInitial reaction mechanisms for oxidation of DO25 in
SCW .̂ Remarkably, the number of water at 2300 K was only
4 in system 1. Then we traced the whole reaction process and
found that some of the H atoms from DO25 were transformed
into OH radicals or H2O2. Except for H2O and CO2, other
intermediates or products such as C3, C4 and NOx were also

observed as listed in Fig. 2e and f, although they only took a
small proportion.

Initial reaction mechanisms for oxidation of DO25 in SCW

The resources of active radicals during SCWO process

In SCW, free radical reactions are supposed to take place just
as previous reports stated [12, 13, 16, 33, 34]. In this work, we
traced the changes of water in SCWand the oxygen molecules
to clarify the reaction mechanism of SCWO. From reaction
systems, three types of radicals (hydroxyl radical, hydrogen
radical, and peroxyl radical) were observed in the free radical
reactions. The main active radical attacking DO25 was OH
radical. The Fig. 3 obtained by tracing the arc document about
every reaction using the Materials Studio software showed
two ways for the production of OH radicals. The first way
was directly from supercritical water. The second way was
more complex. Firstly, the HO2 radical were produced
through two paths: a) oxygen molecule interacted with H

Fig. 4 3D model of disperse
orange 25 and fragment A

Table 3 The results of aromatic ring-opening reaction in system 2 within 250 ps

Temperature
(K)

Times of
repetition

Ring 1 opening Ring 2 opening

Pathway Time (ps) Pathway Time (ps)

1900 1 OH, O2 124.700–209.025 – –

2 – – O2 51.675–74.000

3 OH 24.225–32.875 O2 87.650–117.625

2100 1 OH 109.575–179.175 O2 57.550–58.500

2 O2-O 47.950–128.500 H2O2 14.300–15.675

3 O2 24.050–28.225 OH 181.975–213.100

2300 1 OH 60.775–89.250 OH 9.450–108.125

2 O2 61.800–82.500 Pyrolysis 56.875

3 H2O 22.825–62.475 O2 34.650–35.425

2500 1 OH 66.725–86.800 OH, OOH 134.050–144.250

2 OH 6.400–41.750 OH 21.200–22.425

3 OH 22.850–42.250 O2, OH 21.575–23.075

2700 1 O2, OH 5.925–11.625 O2 0.075–3.125

2 OH 17.700–32.275 H2O, O2 6.075–46.250

3 O2, OH 6.375–13.775 Pyrolysis 50.375

Bold entries represents the attacking groups on the aromatic rings except OH radical and oxygen compared with Table 2

 54 Page 6 of 13 J Mol Model  (2015) 21:54 



radical which was produced from water cluster to form HO2

radical; b) oxygen molecule took a hydrogen atom away from
DO25 to form HO2 radical. Then, HO2 radical connected with
another H radical which was mainly produced from water
cluster to form a H2O2 molecule. Finally, the H2O2 molecule
broke into two OH radicals. Actually, DO25 can be attacked
by five kinds of radicals or molecules including OH radical,
O2, HO2 radical, H2O2, and H2O in a sequence of the
attacking probability from high to low. After that, these small
molecular substances became part of the aromatic rings,
interacting with them to accelerate ring-opening and further
reactions. Not only did SCW offer a homogeneous envi-
ronment, but also participated in the reaction by itself. So
SCW undertook an important role in the aromatic ring-
opening reaction.

H2O2 can produce OH radical in the SCW environment,
which has also been proved in previous research [15, 16]. The
OH radical is so highly reactive that it can weaken and break

the chemical bonds in organics like DO25, which has been
proven in our present study. Furthermore, O2 can mix with
SCW in any proportion so as to facilitate to break aromatic
rings owing to its high reactivity. Besides, the O2molecule can
also improve the aromatic ring opening. The statistic results of
aromatic ring-opening for system 1 and system 2 are presented
in Tables 2 and 3. In system 1, in most cases, when the tem-
perature ranged from 1900 to 2300 K, ring 1 was broken
earlier than ring 2, and ring 1 opening took less time than ring
2, while at 2500 K and 2700 K, both of the rings were open
simultaneously. When the simulation temperature was below
2300 K, ring 1 and ring 2 were broken more under the attack
of O2 combined with OH radical. While above 2300 K, as the
reaction that has high activation energy barrier was relatively
easier to take place, the aromatic rings were much easier to be
opened under the attack of a single oxygen molecule or OH
radical. The aromatic ring-opening reactions even occurred in
the heating up process at 2700 K. When both of the O2 and

Fig. 5 The process of aromatic
ring-opening reaction attacked by
OH radical. This example is
chosen in the second simulation at
2500 K in system 1 (The unit of
the lengths is Å)

Fig. 6 The process of aromatic
ring-opening reaction attacked by
O2. This example is chosen in the
first simulation at 2100 K in
system 1 (The unit of the lengths
is Å)
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OH radical acted on the aromatic rings, the attacking sequence
was always hydroxyl radical followed by O2, the reason for
which is that OH radical has higher reactivity to interact with
aromatic carbon than O2. In system 2, we have found that
HO2, H2O, and H2O2 were also able to attack aromatic rings
except for OH radical and O2, and all three groups left an
oxygen atom on DO25 to accelerate its aromatic ring opening.
However, they only took a small proportion and were not
dominant.

Three pathways of aromatic ring-opening reaction
during the process of SCWO and one pathway of SCW

Our simulated results showed that the aromatic rings in DO25
could be attacked by hydroxyl radical, oxygen molecule, and
hydroxyl radical together with oxygen molecule, respectively,
which caused the aromatic ring-opening reaction to happen
mainly through three different pathways, while other paths
were not predominant. In this section, fragment A (shown in
Fig. 4) from the whole DO25 molecule were chosen as a
representative model to conclud the three pathways for the
aromatic ring-opening reaction in SCWO as shown in Figs. 5,
6, and 7.

The first pathway for the ring-opening reaction (Fig. 5) was
attacked by OH radical. Initially, the OH radical was far away
from ring 1, and then under the action of water clusters, it
moved toward the aromatic ring. When the distance between
C3 from ring 1 and O3 fromOH radical turned into 1.508 Å at
1.475 ps, a chemical bond formed between them followed by

structural distortion of aromatic rings. From 1.750 to 2.425 ps,
the C2-C3 bond broke after OH radical attacking C3, which
resulted in the opening of aromatic ring and the formation of a
three-membered ring. Afterward, the OH group lost its hydro-
gen atom, only leaving an oxygen atom. The reaction of ring 1
only took 1 ps at 2500 K. Besides, subsequent procedures are
given about ring 1 from which a C-O structure broke away to
form a carbon dioxide molecule at 12.500 ps as shown in
Fig. 5.

In the second pathway (Fig. 6), we found that an
oxygen atom approached C1 with a changing distance
from 2.764 to 1.683 Å, resulting in the formation of a
chemical bond between C1 and O1. At 6.800 ps, both
O1 and O2 linked to the aromatic ring, forming another
bond between C2 and O2. The length of O=O bond in
O2 was increased from 1.280 to 1.325 Å as soon as O1
bond with C1, and next increased to 1.413 Å when O2
bond with C2. At 8.350 ps, the O1-O2 bond was totally
broken and the aromatic ring was seriously distorted.
After that, O1 moved to the bridge site of C1 and
C6 at 8.675 ps, then O2 inserted into the distorted aro-
matic ring to bind with C2 and C3. At 18.750 ps, the
distorted ring broke under the action of oxygen and
SCW, and a linear chain with two three-membered rings
was formed. There existed a big difference that the two
oxygen atoms embed the benzene ring and participated
in the formation of ringy structures compared with the
former pathway (OH radical pathway). The initial step of
this pathway is consistent with Chang’s work [14]. They

Fig. 7 The process of aromatic
ring-opening reaction attacked by
OH radical combined with O2.
This example is chosen in the first
simulation at 2300 K in system 1
(The unit of the lengths is Å)
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concluded that the TNT degradation reaction in SCWO
was a free-radical reaction in which the free-radical gen-
eration relied on O2 attacking C-H bond of organic
molecule.

The third pathway for the ring-opening reaction was
attacked by OH radical combined with O2, which has been
displayed in Fig. 7. In fact, it can be regarded as a combination
of the first two pathways. The OH radical attacked firstly and
then O2 followed. After getting bonded with the aromatic ring,
the OH group lost its hydrogen atom under the catalysis of a
cluster formed by water dimer and HO2 radical, and the hy-
drogen combined with the HO2 radical to form H2O2 which
would be broken into OH radical in the subsequent steps. Our
result was consistent with previous study [16]. In their work,
Savage’s group [16] oxidizedmethane in supercritical water at
25MPa and at temperatures between 525 and 587 °C using an
isothermal, isobaric, tubular, flow reactor. One reaction route
has been found by them which can be described as H2O2 →
2OH•. Our present work was consistent with Savage’s work,
but the combination of H radical and HO2 was only found in
our work.

(1)

OHþ H2O2 ¼ HO2 þ H2O

(2)

OHþ HO2 ¼ H2Oþ O2

(3)

H2O2 ¼ OHþ OH

(4)

HO2 þ HO2 ¼ O2 þ H2O2

Notably, from 69.575 to 78.050 ps, the OH group moved
from C5 to C4, which can be explained as follows. The bond

Fig. 8 The process of aromatic ring-opening reaction attacked by OH radical. This example is chosen in the first simulation at 2100 K in system 5 (The
unit of the lengths is Å)
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strength constructed byO3 and C5was quite weak at first, and
before getting stable, it was broken by the action of water
clusters probably. Next, the OH group was fixed with C4
and led to the further reaction. Next, at 110.750 ps, O2 finished
attacking and connected to C3. In the time of 116.275 ps, there
were three oxygen atoms on the ringy structure totally, which
contributed to accelerating the ring-opening, consequently,
with the C2-C3 bond breaking down at 119.350 ps. Surpris-
ingly, the nitrogen atom participated in the ringy structure that
seldom could be seen because it was an unstable intermediate

only existing for a moment. Maybe it was just one of the
pathways to break into small molecules. Compared with the
first two pathways, the third pathway provided more C-O
bonds, thus illustrating that it was easier for the intermediates
to break into small fragments because the cracking energy of
C-O bond was lower than C-C bond. For example, for the
structure in 144.500 ps, the cracking energy of C5-C6 bond
was 318.0 kJ mol−1 and the C6-O3 bond was 19.7 kJ mol−1

via DFT method, in which case, the C6-O3 bond was very
weak, while the C4-O3 bond was quite stable due to the dou-
ble bond. Consequently, the C6-O3 bond was so easy to break
that more small fragments would be generated.

The pathway of aromatic ring-opening in SCW has been
described as well (Fig. 8). From Fig. 8, we can conclude that
the process of OH radical’s approaching is similar to the first
pathway in SCWO. After that, the OH radical transferred from
initial linking position to the carbon atom binding with nitro.
At 246.950 ps, one of the oxygen atoms in –NO2 bonded with
neighboring carbon, and the final structure was showed in
Fig. 8 at 247.000 ps. At last, under the catalysis of O and
OH radical, the ring-opening reaction occurred. By tracing
other SCW systems, we found that both the O atom and OH
radical could promote the ring-opening by weakening C-C
bond in aromatic rings.

The transformation of nitrogen element in SCWO

Themigration of nitrogen is a key problem because of its huge
harm to the environment. Previous studies have reported the
routes of nitrogen in SCWO [18, 19], but the conclusions were
variable. When Savage’s group [18] studied the reaction of
methylamine SCWO using a Hastelloy tubular flow reactor,

Fig. 9 The processes for the generation of NO2 and NO in the second simulation at 2300 K in system 1 (The unit of the lengths is Å)

Table 4 The distribution of N-containing products in system 1 at
250 ps

Temperature
(K)

Times of
repetition

Products (described with molecular
formula)

1900 1 No reaction took place about N

2 No reaction took place about N

3 No reaction took place about N

2100 1 NO2, CHON, C4H3ON, C4H4ON2

2 N2, NO2, C9H12O4N2

3 NO2, C5H3O2N2, C10H11O4N2

2300 1 HON, C2HON, C7H6ON3

2 N2, NO2, C10H10O2N2

3 N2, CHON, C5H6ON2

2500 1 N2, CHON, C3H2O2N, C6H3O2N

2 CHON, CHON, C2O2N, HON, C5HO4N

3 N2, NO2, C4H3ON2

2700 1 N2, NO, C4HO2N, C5H3O4N

2 C2ON, C2ON, C2ON, C2ON, C3O2N

3 N2, NO, C7O3N2
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they made a conclusion that the N-containing products of
methylamine SCWO at 249 atm and 390–500 °C include
NH3, N2, and N2O. While Kim’s group [19] carried out re-
search with an aim of a commercial plant to treat transformer
oil contaminated with polychlorinated biphenyls (PCBs) by a
SCWO process, and their results showed that N2, NO, and
NO2 were identified, but N2O was not detected in their final

product distribution. The results between these two articles are
different, which may be due to the fact that the reaction con-
ditions are quite different. Both of the conclusions are made
from the product distribution at the end of reactions. Then we
analyzed the migration routes of nitrogen element in the pres-
ent study. In system 1, N2, NO2 and other intermediates con-
taining the structure of C-N have been observed. Table 4
showed the product distribution in regard to N, indicating that
the N-containing intermediates were smaller as the tempera-
ture got higher. In order to understand how N transformed in
SCWO, the routes for N conversion were described in Fig. 9.
The N1 atom in DO25 had more chances to be converted into
NO2 or NO than other N atoms due to its close interaction with
oxygen atoms in –NO2. It was quite easy for N2 and N3 atoms
in DO25 to form a nitrogen molecule owing to their strong
coaction by the double bond. However, for N4 and N5 atoms
which bond with carbon atoms in the DO25 molecule struc-
ture, they were willing to be transformed into complex
structures.

System 3 and system 4 were created to reveal the effects of
temperature and molecular ratios on the N migration. From
Fig. 10a and b, it can be seen that only N2 and N3 atoms were
converted into one N2 molecule in system 1. Because of the
steric hindrance, other nitrogen atoms in DO25 were difficult
to be converted into environmentally friendly N2 molecules
even when the reaction time was increased from 250 to
500 ps. When the number of DO25 molecules (system 3: ratio
of DO25/O2/H2Owas 5:100:200, system 4: ratio of DO25/O2/
H2O was 10:200:200 ) were increased, more N2 molecules
were generated owing to the improved possibility for the con-
nection of N atoms. Especially in system 4, when the temper-
ature was above 2300 K, an obvious increment of nitrogen
molecule appeared. It has been found that each N atom in
DO25 has a chance to be converted into N2. One example
for the N2 production through two DO25 molecules is shown
in Fig. 11. During the SCWO process, the two N-containing
groups from two different DO25 molecules reacted with each
other gradually, and the two N atoms got together at last. Then
other atoms except N broke away, only leaving a N2 molecule
finally. In system 3 and system 4, more DO25molecules were

Fig. 11 The routes of N atoms in DO25. This example is chosen in the first simulation at 2300 K in system 1 at the reaction time of 500 ps (The unit of
the lengths is Å)

Fig. 10 Total number of N2 at the reaction time of a 250 ps and b 500 ps
under different temperatures in system 1, system 3, and system 4
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able to generate more N-containing fragments, and they could
react with each other to produce more N2 molecules. So, ex-
tending reaction time and increasing the quantity of studied
model are both helpful to obtain N2 molecules as many as
possible.

Conclusions

In order to reveal the mechanism of SCWO for DO25,
ReaxFF reactive molecular simulations were carried out to
investigate the effects of different temperatures, ratios of reac-
tants in SCW system. In SCW, the free radicals and molecules
including OH radical, HO2 radical, O2, H2O2, and H2O could
interact with each other and the DO25 molecule to accelerate
its degradation. Especially, the key step during the degradation
process of SCWO-based waste is the generation of OH radi-
cal. Its generation rate affects the degradation rate of SCWO-
based waste. Three different pathways for the aromatic ring-
opening reactions attacking by (a) hydroxyl radical, (b) oxy-
gen molecule, and (c) hydroxyl radical together with oxygen
molecule were concluded. A combination of OH radical and
O2 preferred to working together mostly at low temperature,
while at high temperature OH radical or O2 more probably
worked alone. Besides, the N atoms could be transformed into
N2, NO2 and other intermediates containing the structure of C-
N with the simulating time of 250 ps. Extending reaction time
and DO25 molecule number can also improve N elements
convert into N2 rather than carbonitride.
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