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mechanism analysis of
chloroxylenol in aqueous solution by gas–liquid
discharge plasma combined with ozonation†

Keke Ma,a Lu Zhou,*a Yu Bai,a Yiying Xin,a Mingru Chen,a Heping Li,b Chengyu Baob

and Yuexi Zhouac

Gas–liquid discharge non-thermal plasma (NTP) coupled with an ozonation reactor was used to investigate

the removal of a broad-spectrum antibacterial agent, chloroxylenol (PCMX), from aqueous solution. Under

the same experimental conditions (discharge power of 50.25 W, the initial concentration of PCMX of

60 mg L�1, oxygen flow of 1.0 L min�1 and PCMX solution flow of 150 mL min�1), the PCMX degradation

rates in the ozonation-only, NTP-only and NTP/O3 systems were 29.25%, 67.04% and 79.43%,

respectively. Correspondingly, the energy efficiency has also been greatly improved, and increased to

0.45, 1.03 and 1.21 g kW�1 h�1. In addition, the effects of the initial concentration of PCMX, initial pH, the

flow rate of oxygen, the addition of H2O2 and the addition of a radical scavenger on the degradation rate

of PCMX were investigated in the NTP/O3 system. The degradation rate in acidic solutions was higher

than that in alkaline solutions. During the removal process of PCMX, the rate of degradation was strongly

increased with the addition of H2O2 and acutely decreased with the addition of the radical scavenger.

Compared with deionized water the degradation rates of PCMX in secondary effluent were inhibited.

Four main intermediates of PCMX degradation by the NTP/O3 system were identified by gas

chromatography-mass spectrometry (GC-MS) and a possible degradation pathway of PCMX was

proposed. The changes in toxicity of the PCMX solution during the NTP/O3 system oxidation process

were also evaluated using bioluminescent bacteria and Quantitative Structure Activity Relationship

(QSAR) models with the help of the ECOSAR software.
1 Introduction

In recent years, pharmaceutical and personal care products
(PPCPs) as important emerging contaminants (ECs) have
received widespread attention because their existence in water
and wastewater causes signicant damage to the ecosystem and
human beings.1,2 The PPCPs in the environment are character-
ized by their extreme volatility, strong thermal stability, and
good solubility in water and various organic solvents.3

Chloroxylenol (PCMX) is a broad-spectrum antibacterial
agent that may kills most bacterial propagules and fungi.4 With
its high antibacterial activity and good skin compatibility,
PCMX has been widely applied in the production of personal
care, medicine and daily consumer products, such as hand
soap, laundry detergent, bactericides, and cosmetics. Owing to
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the Royal Society of Chemistry
its mass production and application, this disinfectant
compound can be discharged directly or through urban sewage
systems into aquatic systems. The degradation rate of PCMX by
municipal sewage treatment plants is only 80% in Baltimore,
Maryland, USA.5 In an aquatic environment, the toxicity of
PCMX varies by species, it is essentially non-toxic to humans
and mammals, but exhibits toxicity to freshwater invertebrates
and sh.4,6 Therefore, it is becoming increasingly urgent to
remove PPCPs from the water using effective approaches. Many
advanced processes have been used to remove PCMX from
water and wastewater, such as electrochemical oxidation,7

ozonation, ultraviolet irradiation,8 adsorption and combina-
tions of these techniques.

Advanced oxidation processes have attracted wide attention
as an environmentally friendly and efficient technology for
treating water and wastewater containing organic pollutants.
The gas–liquid discharge non-thermal plasma (NTP) process as
a typical advanced oxidation process has gained increasing
attention for its organic pollutant abatement from water and
wastewater due to its high efficiency and minimal secondary
impact on the environment and ecosystems. It is regarded as
a promising technology for water treatment. Plasma technology
is a hybrid advanced oxidation technology that combines both
RSC Adv., 2021, 11, 12907–12914 | 12907
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physical and chemical effects of high-energy electronic colli-
sion, reactive species, ultraviolet light and shock waves.9 In the
plasma discharge process, a rich variety of active species such as
H2O2, cH, cO, cOH and O3 can be formed.10,11 These species play
a vital role in pollution abatement processes. Among these
existing active species, cOH, one of the strongest oxidant with
a higher reduction potential (2.80 eV), which is able to oxidize
non-selectively a broad range of organic contaminants.12 NTP
oxidation of various refractory organic pollutants have been
widely researched, such as the oxidation of textile dyes,13

pharmaceuticals,14 endocrine disrupting chemicals,15 biotoxin16

and pesticides.17

The process of NTP including various physical and chemical
effects. Some various oxidizing species with high redox ability,
which could degrade most organic pollutants effectively and
non-selectively. When air or oxygen is used as the discharge gas,
a large amount of ozone is generated. Due to the reactor design
and mass transfer of gas–liquid two phases, most of the ozone
will be discharged along with the exhaust gas, resulting in
reducing energy utilization of NTP and increasing environ-
mental risk. How to use ozone and improve energy efficiency
has become a common concern.

In this study, the inuencing factors such as initial
concentration of PCMX, pH, applied oxygen ow rate and the
addition of radical scavenger on the removal of PCMX were
studied. Hydrogen peroxide as a free radical promoter was
added to the NTP/O3 system to investigate its effect on organic
degradation. The contribution of hydroxyl radicals to the
removal of PCMX was also indirectly investigated with the
addition of radical scavengers tert-butyl alcohol (TBA). Addi-
tionally, the degradation products under NTP/O3 system were
detected and analysed with Gas Chromatography and Mass
Spectrometry (GC-MS), the possible degradation pathways and
mechanisms were also proposed. The change of toxicity of
PCMX solution during NTP/O3 system oxidation process was
also evaluated.
2 Experimental materials and
methods
2.1 Materials

PCMX, (purity$ 99.8%) was purchased from Yousuo Chemistry
Co., Ltd (Shandong, China). tert-Butyl alcohol (TBA) and
methylene chloride were obtained from Aladdin (Shanghai,
China). Other regents and solvents (analytical grade) used in
this research were purchased from Sinopharm Chemical
Reagent Co., Ltd., China. All of the solutions used in this study
were prepared by distilled-deionized water with a Millipore
Milli-Q system.
2.2 Experimental setup

In this research, three experimental operating systems were
designed, including plasma-only system, ozonation-only system
and plasma/O3 system. The schemes of the three reactors are
shown in Fig. 1. The operating conditions were as follows:
discharge power of 50.25 W, the initial concentration of PCMX
12908 | RSC Adv., 2021, 11, 12907–12914
of 60 mg L�1, oxygen ow of 1 L min�1. The total volume of the
PCMX solution was 300mL, and the circulated ow rate was 150
mLmin�1. In the NTP/O3 system, the volumes of PCMX solution
in the NTP discharge reactor and O3 oxidation reactor were
about 100 mL and 110 mL respectively. Unless otherwise spec-
ied, the test conditions in the text did not change.

The NTP-only system is shown in Fig. 1(a). The reactor was
composed of glass with an inner diameter (I. D.) of 80 mm and
a height of 100 mm. The plasma generator was composed of
a hollow gold needle (I. D. ¼ 0.6 mm), a concentric dielectric
cone-shaped glass tube (upper I. D. ¼ 50 mm, lower I. D. ¼ 0.8
mm) that enclosed the needle, and a copper plate (diameter ¼
30 mm) beneath them. The hollow gold needle doubled as the
powered electrode and the working gas inlet channel. Its tip was
10 mm away from the end of the tube nozzle in the axial
direction. The copper plate and the downstream solution both
served as the ground electrode. The discharge generator was
powered by a sinusoidal excitation voltage (Vp ¼ 0–40 kV) with
a frequency of 0–30 kHz. The applied voltage and discharge
current were measured by a high-voltage probe (Tektronix
P6015A) and a current probe (Tektronix TCP150) via a digital
oscilloscope (Tektronix DPO4034). The solution was circulated
continuously at the speed of 150 mL min�1 by a peristaltic
pump (BT100-2J) connected to the inlet.

As shown in Fig. 1(b), an aeration device was added to the
base of the plasma reactor, this combined device was dened as
NTP/O3 system. The aeration device consisted of a glass tube
with a diameter of 3 cm and a height of 35 cm. The effective
volume in the aeration tube was approximately 100 mL. In this
system, the PCMX solution owed through the aeration device
and the activated exhaust (O3) which generated in the discharge
was introduced to the solution. In the NTP/O3 device, as shown
in Fig. 1(c), the PXMX solution not only owed through the
discharge region, but also entered the aeration device, and the
activated exhaust was also introduced to the solution.
2.3 Analytical methods

The concentration of PCMX in the solution was monitored and
quantied by high-performance liquid chromatography (HPLC-
Waters Corporation model 515, Agilent, USA) with a C18
column (4.6 � 250 cm, 5 mm, Waters, USA), and a UV detector
set at 283 nm. The mobile phase consisted of acetonitrile : -
water solution (70 : 30), and the ow rate of the mobile phase
was controlled at 1.0 mL min�1. The solution pH was adjusted
by 0.1 M H2SO4 or 0.1 M NaOH, which was determined by
a multi-parameter portable meter (MultiLine® Multi 3620 IDS,
Germany). The mineralization of the PCMX was monitored by
the removal of total organic carbon (TOC), which was moni-
tored by a TOC analyzer (TOC-V CPH, Shimadzu, Japan) by TOC
¼ total carbon � inorganic carbon. The concentration of H2O2

in the solution was measured by the potassium titanium(IV)
oxalate method.18 The concentration of O3, which was dissolved
in the solution, was detected by the indigo method.19 The
intermediates of PCMX during NTP/O3 oxidation were moni-
tored by GC-MS (7890A/5975C, Agilent, USA) with a DB-5MS
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Experimental setups. (a) NTP-only, (b) O3-only, and (c) NTP/O3 systems.
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capillary column. Data shown are the average of three deter-
mination results. Error bars show the standard deviation.

The PCMX degradation rate (DE) was measured by the
following eqn (1).

DEð%Þ ¼ C0 � Ct

C0

� 100% (1)

where C0 and Ct is the initial and discharge treatment time t
concentration of PCMX, mg L�1; the degradation of PCMX by
gas–liquid discharge plasma was in accordance with the
pseudo-rst-order kinetic model, which was calculated by the
following eqn (2).

ln

�
C0

Ct

�
¼ kt (2)

where C0 and Ct are the same denitions as eqn (1); k is the
reaction rate constant, min�1; t is the reaction time, min.

The following equation was used to calculated and expressed
the energy yield (dened as the amount of pollutions degraded
per energy consumed) of the three different systems,20 which
was calculated by the following eqn (3).
© 2021 The Author(s). Published by the Royal Society of Chemistry
Energy yield
�
g kW�1 h�1� ¼ VðC0 � CtÞ

P� t
(3)

where C0 and Ct are the same denitions as eqn (1), V is the
volume of the solution, (L), p is the average power in the
discharge (kW), t is the treatment time (h). The details of
bioluminescence activity inhibition experiments are described
in previous reports,21,22 and the bioluminescence activity inhi-
bition ration was calculated according to eqn (4).

Inhibition ratio ð%Þ ¼
�
1� LU

LU0

�
� 100% (4)

where LU0 and LU was the luminescence intensities of the blank
control (recovery liquid) and the tested sample, respectively.
3 Results and discussion
3.1 Chloroxylenol degradation in three different systems

The comparison of the degradation efficiency of PCMX in the
three systems under the same conditions is shown in Fig. 2(a).
Other experimental parameters were controlled as follows:
discharge power of 50.25 W, the initial concentration of PCMX
RSC Adv., 2021, 11, 12907–12914 | 12909
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Fig. 2 (a) Chloroxylenol solution degradation rate and (b) energy yield and TOC removal in the three different systems.
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of 60mg L�1, the initial pH of 6.34 (not adjusted), oxygen ow of
1.0 L min�1 and PCMX solution ow of 150 mL min�1. The
PCMX degradation rate in the NTP/O3 system was more efficient
than that in other systems. The PCMX degradation rates were
29.25% and 67.04% in the ozonation-only and NTP-only
systems, respectively, aer 14 min treatment. Compared with
that of NTP-only system, the simultaneous use of the NTP/O3

system increased the PCMX degradation rate from 67.04% to
79.40%. The contribution of O3 to PCMX degradation was
29.25% under good mass transfer conditions, which was much
lower than the 67.04% of the NTP treatment alone. To a certain
extent, the O3 generated during plasma discharge does not play
a decisive role in the degradation of PCMX. However, O3 has
signicant potential for application in plasma systems. Based
on these results, we concluded that the O3 aerator improved the
degradation rate of PCMX. As shown in Fig. S1,† the reaction
rate constants were 0.0919, 0.0710 and 0.0234 min�1 in the
NTP/O3, NTP and O3 systems, respectively. The energy yield of
PCMX degradation and the TOC removal rate of the different
systems were calculated, and the results as shown in Fig. 2(b).
The highest energy yield and TOC removal rate were also ob-
tained in the NTP/O3 system. These results further conrmed
the signicant synergistic effect of NTP/O3 on the degradation
of PCMX and energy efficiency.
3.2 Effect of the initial concentration of chloroxylenol

The effect of the initial concentration on PCMX removal in the
NTP/O3 system was investigated. As illustrated in Fig. 3(a) and S2,†
under the same experimental conditions, with the increasing initial
concentration of PCMX, the degradation rates and the kinetic
constants decreased. The highest PCMXdegradation rate was 83.7%
in 40 mg L�1 solution with 14 min treatment time, which was 4.3%
and 10.4% higher than that in the 60 mg L�1 and 80 mg L�1

solution, respectively. The kinetic constants at initial PCMX
concentrations of 40, 60 and 80 mg L�1 were calculated as 0.1235,
0.1099 and 0.0919 mg�1, respectively. This phenomenon could be
explained by the fact that under the same discharge conditions, the
amounts and the types of active species were similar. When the
initial concentration of PCMX increased, more intermediate
12910 | RSC Adv., 2021, 11, 12907–12914
products were generated, which would have stronger competition
for reaction with the active radicals between PCMX molecules.
However, the energy efficiency was increased with the increasing
initial PCMX concentration because a higher initial concentration of
PCMX meant greater collision efficiency between the active species
and contaminant molecules, thus, the energy utilization efficiency
was improved. For example, when the initial PCMX concentration
increased from40, 60 to 90mgL�1, the energy yields increased from
0.8, 1.2 to 1.5 g kW�1 h�1, respectively.
3.3 Effect of oxygen ow rate

In the NTP/O3 system, the amount of activated species and the
mass transfer of the activated species could be affected by gas
ow rate.23 In order to illustrate the effect of gas ow rate on the
PCMX degradation in the NTP/O3 system, the degradation of
PCMX under different g ow rates was investigated. The other
discharge parameters were consistent with the parameters lis-
ted in Section 3.1. The removal efficiency of PCMX at different
oxygen ow rates are presented in Fig. 3(b). The degradation
efficiency of PCMX showed no signicant change when the ow
rate increased from 0.5 L min�1 to 1.0 L min�1, (degradation
efficiency of 89.1% and 79.4%, respectively). However, the
degradation efficiency decreased to 67.9% when the ow rate
was increased from 1.0 to 1.5 L min�1. During the NTP oxida-
tion process, the active species were produced in the gas phase,
and then transferred into the aqueous solution to react with
PCMX molecules. As reported, in a certain ow rate range, the
increase in the ow rate is benecial to the mass transfer of the
active species, which generated in the gas phase and transferred
to the liquid phase promoting the degradation of the organic
pollutants. However, when the ow rate is increased to a certain
value, the mass transfer balance of the active species between
the gas–liquid two phases will be destroyed. The residence time
of the active species in the system will also be shortened.24,25
3.4 Effect of initial solution pH

The pH of the solution is a vital parameter for the gas–liquid
discharge plasma process, because the pH affects the existing
state of organic compounds and the generation of activated
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of degradation conditions on chloroxylenol removal in NTP/O3 system. (a) The initial concentration of chloroxylenol, (b) the flow
rate of oxygen, (c) the initial pH of solution, (d) the addition of H2O2.
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species.26 The active species' redox potential can also be inu-
enced by the solution's pH. When O3 is involved in the degra-
dation reaction, the solution's pH has an important inuence
on the chemical stability of O3. Especially in alkaline environ-
ment, O3 is more likely to decompose to form cOH. Therefore, it
is necessary to investigate the effect of pH on the degradation
rate of PCMX in NTP-only and NTP/O3 systems. The selected
initial pH values of the PCMX aqueous solution were 3.0, 6.34
(not adjusted) and 10.0. The other discharge parameters were
consistent with the parameters listed in Section 3.1. The PCMX
degradation efficiencies with different pH values in the two
systems are shown in Fig. 3(c). Under different initial pH
conditions, the degradation rates of PCMX in the NTP/O3

system were higher than those of the NTP-only system. This was
mainly due to the addition of aeration devices prolonging the
residence time of O3 and promoting its mass transfer of ozone.
In order to investigate these results, deionized water with
different initial pH was used as discharge solutions. Compared
with the NTP-only system, the concentration of O3 in aqueous
solution in the NTP/O3 system was signicantly increased under
the same discharge conditions as shown in Fig. S3.† Especially
under weak acid and alkaline conditions, the concentration of
O3 in aqueous solution increased by 1.9 times and 3.3 times,
respectively.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Regardless of the type of reaction system, the highest PCMX
degradation rate was obtained in acidic or weakly acidic solu-
tion, and a lower PCMX removal rate occurred in alkaline
environment within 14 min of plasma discharge. For example,
the PCMX removal rates with initial pH of 3.0, 6.34 and 10.0
were 65.9%,69.8% and 34.7% aer 14 min of treatment in the
NTP/O3 system, respectively. This phenomenon could be
explained by the fact that $OH radical would be annihilated by
OH� ions in a relatively higher pH environment.24,27 On the
other hand, with the mineralization of organic matter in the
alkaline solution, carbonate and bicarbonate could be formed,
which are scavengers of cOH, as shown in eqn (5)–(7).28,29

CO3
2� + $OH / CO3c

� + OH� (5)

HCO3
2� + $OH / CO3c

� + H2O (6)

$OH + OH� / Oc� + H2O (7)

3.5 Effect of the addition of H2O2

Owing to the special characteristics of H2O2, it does not
signicantly react with most organic compounds.30 However,
H2O2 can be excited by UV light or high-energy electrons to
RSC Adv., 2021, 11, 12907–12914 | 12911
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Fig. 4 Effect of radical scavenger addition on chloroxylenol degra-
dation in NTP/O3 system.
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generate cOH, which promotes the degradation of organic
compounds, as shown in eqn (8)–(10). In order to evaluate the
effect of the addition of H2O2 on the degradation ratio of PCMX
in the NTP/O3 system, the removal efficiency of PCMX at
different H2O2 concentrations were researched and the results
are depicted in Fig. 3(d). As demonstrated in Fig. 3(d), the
degradation ratio increased with the treatment time, and the
performance of NTP/O3/H2O2 was much more superior than
that of NTP/O3 with the same discharge conditions.

Compared with the NTP/O3 system, when the concentration
of H2O2 increased from 0.25, 0.50 to 1.00 mM, the PCMX
degradation rate increased from 81.8%, 85.1% to 93.1%,
respectively. However, it decreased to 86.1% at the concentra-
tion of H2O2 concentration of 1.5 mM with the same treatment
time. These results demonstrated that there was higher syner-
gistic effect when H2O2 was added to the NTP/O3 system. During
plasma discharge, H2O2 can be excited by high-energy electrons,
UV light, or reacted with O3 in an aqueous solution to form cOH
with higher redox potential. On the other hand, when the H2O2

exceeds a certain concentration, the degradation efficiency of
PCMX was decreased. Themain reason for this might have been
that when excessive H2O2 reacts with hydroxyl radicals, HO�

2,
which has lower oxidation, is formed, as shown in eqn (11).31

H2O2 + e� / OH� + $OH (8)

H2O2 þO3/H2OþO2 þHO
�

2 þ $OH (9)

H2O2 !UV
2$OH (10)

H2O2 þ $OH/H2OþHO
�

2 (11)
3.6 Effect of the radical scavenger addition on chloroxylenol
removal

TBA is a typical radical scavenger that has a higher reaction
constant (6 � 108 M�1 s�1) with cOH than that (3 � 10�3 M�1

s�1) with O3.22 To investigated the contribution of cOH to the
degradation of PCMX, TBA was added as the scavenger of cOH.
In this study, the different concentrations of TBA with 1.0, 0.5
and 0.25 mM were used, the results are shown in Fig. 4. It was
observed that the degradation rate of PCMX decreased signi-
cantly with the increase of TBA concentration during 14 min of
plasma treatment, which further demonstrated the production
of cOH. The degradation rate was 79.4% aer 14 min of reaction
without TBA, and it was diminished to 47.1%, 43.8% and 34.8%
aer adding 1.0, 0.5 and 0.25 mM TBA, respectively. Corre-
spondingly, the kinetic constants decreased from 0.0919 to
0.0404, 0.0375 and 0.0360 mg�1, as shown in Fig. S4.† The
experimental results suggested that cOH played a signicant
role in PCMX degradation in the NTP/O3 oxidation system.
Fig. 5 Degradation of PCMX in deionized water (DW) and secondary
effluent (SE).
3.7 Degradation of PCMX in secondary effluent

In order to evaluate the potential of the NTP/O3 system for the
degradation of PCMX with actual wastewater, the PCMX solu-
tion with a concentration of 60 mg L�1 with deionized water
12912 | RSC Adv., 2021, 11, 12907–12914
(DW) and secondary effluent (SE) was prepared. SE used in this
research was collected from a wastewater treatment plant
(WWTP) in Beijing. The main water quality characteristics of SE
are listed in Tab. S1.†

Under the same discharge conditions, the experimental
results are presented in Fig. 5. The results obtained clearly
showed that compared within DW, the degradation rates of
PCMX in SE were inhabited. The degradation rate was reduced
from 79.43% to 65.26%. This inhibition can be mainly attrib-
uted to the fact that (a) dissolved organic matter (DOM) in SE
could compete for active species with PCMX, and radicals would
be captured by NOM because of its electron-rich sites, its
second-order rate constant (108 to 109 M�1 s�1), (b) some
inorganic anions in the SE such as CO3

2�, HCO3
�, Cl�, which

could act as scavengers of active species, and (c) high conduc-
tivity has an impact on the plasma discharge channel, which
was not conducive to the production of active species.31
3.8 Possible degradation pathway

Aer 14 min of treatment in the NTP/O3 oxidation process, the
PCMX and its intermediates were detected by GC-MS. As
© 2021 The Author(s). Published by the Royal Society of Chemistry
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reported, hydroxylated products can be produced by the elec-
trophilic attack of on the aromatic ring of PCMX.32 According to
the results obtained by GC-MS and prior reports, a possible
degradation pathway for PCMX in the NTP/O3 process was
proposed, as shown in Fig. 6. It was observed that the genera-
tion of 2,6-dimethylhydroquinone might have been the rst
step of the degradation of PCMX, and the Cl position of PCMX
was replaced by an OH group to form a dechlorinated aromatic
product, followed by dehydrogenation, aromatic ring oxidation
and mineralization of other by-products. Mass spectrograms of
the intermediates are illustrated in SM Fig. 5. A similar pathway
of PCMX degradation was reported by Skoumal et al.7 with
PCMX removal by electrochemical oxidation processes and Sun
et al.33 through thermally activated persulfate. During the NTP/
O3 treatment of PCMX, the pH of the solution decreased from
6.34 to 4.02 in 15 min. This result conrmed that some simple
short-chain carboxylic acids might have been generated as
degradation intermediates of PCMX. Song's studies suggested
that there were formic acid, maleic acid, oxalic acid or acetic
acid generated during the treatment of PXMC by O3 in combi-
nation with UV irradiation.8
Fig. 7 Change in toxicity during the chloroxylenol degradation by the
NTP/O3 oxidation process.
3.9 Estimation of intermediate toxicity during PCMX
degradation

PCMX has a little toxic effect on mammalian organisms.34

However, it exhibits different biological toxicity to aquatic
organisms. It is necessary to investigate the changes in toxicity
of PCMX and its intermediates.4,35 In this study, the toxicity of
PCMX aqueous solution with 0, 2, 6, 10, and 14 min treatment
by the NTP/O3 process was evaluated by luminescent bacteria
based on the determination of the inhibition of the biolumi-
nescence of the bacteria.

Without dilution, the inhibition rate of bioluminescence
activity of the PCMX solution before (60 mg L�1) and aer
(12.3 mg L�1) NTP/O3 treatment was 99–100%. In order to
accurately determine the change in toxicity change of the PCMX
aqueous solution during treatment, all water samples were
Fig. 6 Possible degradation pathway of chloroxylenol by the NTP/O3 sy

© 2021 The Author(s). Published by the Royal Society of Chemistry
diluted 20 times. The pH of samples was adjusted to approxi-
mately 7 by 0.1 M NaOH before the test, thereby avoiding the
effects of pH on microbial activity. As illustrated in Fig. 7, the
bioluminescence inhibition ratio increased with the treatment
time (from 32% to 50%) during the rst 12 min of the PCMX
NTP/O3 oxidation, and decreased to 37% aer 14 min. This
result could be explained by the fact that during the NTP/O3

degradation process, more toxic intermediates were produced,
such as 3,5-dimethylphenol. The main components and inter-
mediates were assessed by QSAR with the help of the soware of
the ECOSAR program. The results of ECOSAR based on sh,
daphnia and green algae reected the toxicity level of the target
compound, which was used in this study to demonstrate the
toxicity of PCMX and its four major by-products, as shown in
Tal. S2.† Compared with that of the initial compounds of PCMX,
the toxicity of 2,6-dimethylhydroquinone and 2,6-dime-
thylbenzoquinone was decreased, however, the toxicity of 3,5-
dimethylphenol was increased.
stem.

RSC Adv., 2021, 11, 12907–12914 | 12913
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4 Conclusions

Gas–liquid discharge non-thermal plasma coupled with ozon-
ation reactor was proved effective for the removal of PCMX in
aqueous solution, which exhibited an obvious synergistic
enhancement rather than a single simple additive effect from
the combination of plasma and ozonation. Within a certain
range, lower initial concentration, lower oxygen ow rate, acidic
or weakly acidic condition and addition of H2O2 could improve
the degradation rate of PCMX in the NTP/O3 system. The pres-
ence of radical scavenger signicantly inhibited the removal of
PCMX, which proved that cOH played a signicant role in PCMX
degradation in the NTP/O3 system. The main components and
intermediates were detected and analyzed with GC-MS, the
possible reaction pathways and mechanisms were also
proposed. Through bacterial inhibition test and ECOSAR so-
ware evaluation, more toxic intermediate products were
detected.
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