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ABSTRACT: 4-Chlorophenol (4-CP) is a chlorinated aromatic compound with broad industrial applications. It is released into the
environment as an industrial byproduct and is highly resistant to biodegradation. Pseudomonas sp. in the environment and activated
sludge are used for 4-CP bioremediation; however, the degradation of 4-CP takes a long time. Consequently, the toxicity of 4-CP is a
major barrier to its bioremediation. In this study, we investigated the synergistic effect of electrically neutral reactive species on the
bacterial bioremediation of 4-CP. Our results showed that the concentration of 4-CP decreased from 2.0 to 0.137 mM and that it
was converted to 4-chlorocatechol (4-CC; 0.257 mM), 4-chlororesorcinol (0.157 mM), hydroquinone (0.155 mM), and trihydroxy
chlorobenzene and their respective ring-cleaved products following irradiation of neutral reactive species. These compounds were
less toxic than 4-CP, except for 4-CC, which reduced the toxicity of 4-CP to Pseudomonas putida. When the neutral reactive species-
treated 4-CP fraction was added to P. putida cultured in a synthetic sewage medium for 48 h, the 4-CP concentration was reduced to
0.017 mM, whereas nontreated 4-CP (2.0 mM) was hardly degraded by P. putida. These results suggest that the biodegradation of 4-
CP can be efficiently improved by combining irradiation of neutral reactive species with microbial treatment. The irradiation of
neutral reactive species of environmental pollutants may additionally lead to further improvements in bioremediation processes.

■ INTRODUCTION

Chloroaromatic compounds have numerous industrial appli-
cations, including petroleum refining and the production of
pesticides, paints, plastics, resins, textiles, iron, solvents,
pharmaceuticals, and wood-preserving chemicals.1−5 The
former are released into the environment as byproducts of
the latter. Among them, 4-chlorophenol (4-CP) is highly toxic
to living organisms owing to its teratogenic, carcinogenic, and
mutagenic characteristics as well as its persistence in the
aquatic environments.6−10 Moreover, the environmental and
bio-degradation of 4-CP is difficult owing to its low water
solubility and vapor pressure characteristics.11 The US
Environmental Protection Agency12 and the European
Union13 have labeled 4-CP as a “priority pollutant”; that is,
its presence in aquatic environments requires constant
monitoring and that a concentration of 0.5 mg/L is the
upper permissible limit of this compound in public water
supply.14 However, some industrial effluents contain chlor-

ophenols at concentrations of 1.515 and 100−200 mg/L.16

Owing to its broad application and negative health impacts,
there is a need to develop an efficient method to remove 4-CP
present in the environment and industrial effluents.
Several conventional methods such as adsorption, ion

exchange, liquid−liquid extraction, chemical oxidation, and
advanced oxidation processes have been used for the removal
of chloroaromatic compounds from wastewater.3,4 However,
these expensive methods are not environmentally friendly as
they generate hazardous byproducts.3 Conversely, bioremedia-
tion is an effective and environmentally friendly method for the
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removal of chloroaromatic compounds from the environment.
Moreover, the biodegradation of chloroaromatic compounds
has gained increasing attention in recent years owing to the
effectiveness of this method, whereby the chloroaromatic
compounds are completely mineralized by microorganisms in
the environment.17

The degradation of CPs and their derivatives using bacteria
has been extensively investigated.17 In previous studies,
numerous bacteria such as Pseudomonas sp. and Rhodococcus
sp. that utilize 4-CP as their carbon and energy sources have
been isolated from the environment and activated sludge.18−20

Bacterial degradation of 4-CP occurs via either the hydro-
quinone (HQ)21 or chlorocatechol (CC) pathway.22 In the
CC pathway via meta-cleavage, 4-CC is cleaved to yield a toxic
compound, 5-chloro-2-hydoxymuconic semialdehyde
(5C2HMS), by catechol -2 ,3-dioxygenase (EC =
1.13.11.2).23,24 In several cases, 5C2HMS has been identified
as a dead-end product in the degradation pathway of 4-CP.23,24

Conversely, in the CC pathway via ortho-cleavage, 4-CC is
eventually transformed to cis-dienelactone through the release
of chloride ions.23 However, bacterial bioremediation takes a
long time as 4-CP, 5C2HMS, and 4-CC suppress bacterial
growth rates.23 Therefore, the detoxification of 4-CP by
bioremediation is not yet an effective method for promoting a
sustainable treatment.
In our previous study, we developed a neutral oxygen radical

generator based on nonthermal atmospheric-pressure plasma
(NTAP) using an oxygen−argon gas mixture.25−28 The radical
generator generates high densities of electrons and atomic
oxygen radicals [O(3Pj)] (1016 and 1014 cm−3, respec-
tively).27,28 The use of the radical generator allows on-site
generation of radicals, thereby avoiding issues associated with
the chemical supply and storage; eliminates the need for a
vacuum pump, which enables more concise and practical
processes to be conducted at atmospheric pressure in addition
to lowering the costs of systems; and enables efficient
production of highly reactive atomic oxygen, which speeds
up processes. Moreover, chemical conversion using a radical
generator is more environmentally friendly than chemical
methods as no chemical waste is produced.

To elucidate the usefulness of the electrically neutral reactive
species generated from a radical generator in 4-CP conversion,
we analyzed the effect of neutral reactive species treatment on
4-CP molecules. Furthermore, we investigated the synergistic
effect of neutral reactive species on the bacterial bioremedia-
tion of 4-CP. Neutral reactive species treatment results in the
dechlorination and ring cleavage of 4-CP, thereby assisting in
the detoxification and biodegradation of 4-CP by Pseudomonas
putida.

■ RESULTS

Conversion of 4-CP via Neutral Reactive Species
Treatment. The effects of neutral reactive species irradiation
on 4-CP were examined using gas chromatography−mass
spectrometry (GC−MS) (Figures 1B and S1). A solution of 4-
CP (2.0 mM) treated by blowing oxygen gas into the solution
for 40 min was prepared as a mock control. As there was no
decrease in (1.983 ± 0.053) or conversion of 4-CP due to the
oxygen gas treatment, we used the nontreated samples as
controls in this study. The concentration of 4-CP decreased
from 2.0 to 0.137 mM (Peak 1), and it was converted to 4-
chlorocatechol (4-CC; Peak 7, 0.275 mM), 4-chlororesorcinol
(4-CR; Peak 8, 0.157 mM), HQ (Peak 6, 0.155 mM), and
trihydroxy chlorobenzene (Peak 9, not quantified) via neutral
reactive species irradiation using the radical generator for 40
min (Figure 1B, Table 1). These results indicate that neutral
reactive species irradiation resulted in the hydroxylation and
dechlorination of 4-CP. A time course analysis of 4-CP
conversion via neutral reactive species treatment using high-
performance liquid chromatography (HPLC) showed that the
4-CP concentration in the treated solutions decreased with the
increasing treatment time (Figure 2). Additionally, aromatic-
ring-cleaved products, including oxalic acid (Peak 2, 0.204
mM), succinic acid (Peak 3, 0.057 mM), fumaric acid (Peak 4,
0.045 mM), and 3-chlorohex-2-ene-1,6-diol (Peak 5, un-
quantified), were detected using GC−MS. These results
indicate that the benzene ring of 4-CP and its derivatives
were successfully cleaved via neutral reactive species irradiation
(Figures 1B and 2).
The initial concentration of 4-CP was 2.0 mM. The

concentrations of 4-CP and the reactants treated with neutral

Figure 1. Conversion of 4-CP via neutral reactive species treatment. (a) Schematic diagram of sample preparation for neutral reactive species
treatment. Neutral reactive species treatment conditions (i.e., gas mixed with 0.6% O2 in argon and a treatment distance of 10 mm with a plastic
cover) were optimized to obtain the maximal atomic oxygen [O (3Pj)]. (b) GC−MS chromatogram of 4-CP solution (2.0 mM) treated with the
neutral reactive species for 0 and 40 min. Reaction products were trimethylsilylated and analyzed using GC−MS. The identified reaction products
are marked with numbers and shown in Table 1.
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reactive species for 40 min were quantified using GC−MS. The
reaction products were trimethylsilylated and analyzed using
GC−MS. The numbers indicate the GC peaks shown in Figure
1B. The mass spectra obtained for each GC peak are shown in
Figure S1.
Quantification of 4-CP and its derivatives was performed

using HPLC. Error bars represent mean ± standard error of
the mean of three independent experiments.
Effects of Neutral Reactive Species Treatment on

Bacterial Growth. To examine the effects of the neutral
reactive species treatment of the 4-CP solution on bacterial
growth, we cultivated P. putida in an OECD synthetic sewage
medium containing up to 2.0 mM 4-CP irradiated with or
without neutral reactive species (Figure 3). Figure 3 shows the
growth curves of cells under various 4-CP concentrations.
Compared with that in the control, bacterial growth was
inhibited by 68.7, 77.7, and 98.5% in the presence of 0.5, 1.0,
and 2.0 mM 4-CP, respectively. Conversely, the growth rates
were 129.0, 132.6, and 146.0% in the presence of 4-CP
irradiated with neutral reactive species (Figure 4A−D). These
findings indicate that the growth of P. putida was not inhibited
by 4-CP conversion products, suggesting that P. putida could
assimilate them as energy sources. To comprehensively
investigate the toxicity of 4-CP conversion products, we
determined the effects of several 4-CP conversion products
such as 4-CC, 4-CR, and HQ on bacterial growth (Figure S2).
The results showed that the bacterial growth in the presence of
a 2.0 mM concentration of the conversion products (4-CR and
HQ) was significantly lower than that in the presence of 2.0
mM 4-CP and 4-CC. These results indicate that the 4-CP
conversion products, except for 4-CC, generated via neutral

reactive species treatment were less toxic against P. putida.
Additionally, the concentration of 4-CP (2.0 mM) decreased
to 0.137 mM, and it was converted to 4-CC (0.275 mM), 4-
CR (0.157 mM), and HQ (0.155 mM) via neutral reactive
species treatment. Based on the findings of previous studies,
the co-metabolic biodegradation of phenol and 4-CP indicates
that low concentrations of phenol can enhance the
biodegradation of 4-CP.29−31 This suggests that the reaction
products such as HQ, 4-CC, and/or 4-CR generated from 4-
CP may enhance the degradation of 4-CP and its products.
Neutral reactive species treatment has considerable potential
for the degradation of 4-CP by P. putida.
The bacterial cells were grown in a synthetic sewage medium

supplemented with 0 (A), 0.5 (B), 1.0 (C), and 2.0 mM (D) 4-
CP with or without neutral reactive species treatment. Cell
growth was monitored by measuring the optical density at 600
nm. Error bars represent mean ± standard error of the mean of
three independent experiments.

Bioremediation of 4-CP by P. putida. To investigate the
synergistic effects of neutral reactive species treatment on the
biodegradation of 4-CP and its derivatives by P. putida, the
concentrations of these substances were monitored during a 48
h incubation period (Figure 4). The neutral reactive species
treatment gradually degraded 4-CP (0.137 mM) and finally
decreased the concentration to 0.017 mM after 48 h of
incubation with P. putida (Figure 4A). The 4-CP derivatives
(4-CC and 4-CR) and related cleavage products (oxalic acid,
succinic acid, fumaric acid, and 3-chlorohex-2-ene-1,6-diol)
were not detected after 48 h of incubation. Conversely,
nontreated 4-CP (2.0 mM) was barely degraded by P. putida,
suggesting that the relatively high concentration of 4-CP
inhibited bacterial growth (Figure 4B). These results indicate
that the neutral reactive species treatment assists in the
assimilation of 4-CP and its derivatives by P. putida (Figure
S3).
4-CP solutions with (a) or without (b) 40 min irradiation of

neutral reactive species were incubated with P. putida for 48 h.

Table 1. Detected 4-CP Specific Compounds Derived from
Neutral Reactive Species Treatment

no. identified compound concentration (mM)

1 4-chlorophenol (4-CP) 0.137 ± 0.016
2 oxalic acid 0.204 ± 0.035
3 succinic acid 0.057 ± 0.004
4 fumaric acid 0.045 ± 0.004
5 3-chlorohex-2-ene-1,6-diol a

6 hydroquinone (HQ) 0.155 ± 0.0013
7 4-chlorocatechol (4-CC) 0.275 ± 0.0019
8 4-chlororesorcinol (4-CR) 0.157 ± 0.010
9 trihydroxychlorobenzene a

aThese compounds were not quantified because the required reagents
were not commercially available.

Figure 2. Time-dependent conversion of 4-CP and its derivatives.

Figure 3. Effect of neutral reactive species treatment of 4-CP on the
growth of P. putida.
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Quantification was conducted using HPLC. Error bars
represent mean ± standard error of the mean of three
independent experiments.

■ DISCUSSION

In this study, irradiation of neutral reactive species resulted in
the monooxygenation, dechlorination, and aromatic ring
fission of 4-CP. Similarly, in our previous study, we showed
that NTAP irradiation results in the hydroxylation, demethy-
lation, decarboxylation, and ring cleavage of the lignin-derived
phenolic compound vanillin.32 Additionally, Shokri et al.
(2019) indicated that the 4-CP concentration was decreased
by NTAP (O2 and Ar) irradiation and that one major reaction
product (2,3-dihydrofuran) was obtained.33 Using Fourier
transform infrared spectroscopy and 1H nuclear magnetic
resonance analyses, Asandulesa et al. (2013) showed that the
aromatic ring of benzyl chloride was cleaved and converted to
aliphatic groups via NTAP irradiation.34 Although the exact
mechanism of 4-CP conversion and aromatic ring cleavage via
neutral reactive species, plasma, or ozone treatment has not
been fully elucidated, we speculated that the neutral reactive
species irradiation of aqueous samples would likely generate
reactive species in both gas and liquid phases and react with 4-

CP to promote dechlorination, monooxygenation, and ring
cleavage. These suggestions are also presented in Figure 1B
and Table 1, showing that the hydroxylation, dechlorination,
and aromatic ring fission of 4-CP were initiated via neutral
reactive species treatment.
The bacterial degradation of 4-CP occurs via the HQ or CC

pathway.17 First, 4-CP is converted to 4-CC or HQ via
hydroxylation and dechlorination, and these derivatives
ultimately undergo ring cleavage.21 Intermediates produced
in these pathways, such as 4-CP, 5C2HMS, and 4-CC, are
toxic compounds that suppress the bacterial growth rate and
inhibit bioremediation.23,24 Therefore, the detoxification of 4-
CP via bioremediation is not yet an effective method for the
removal of this harmful compound from the environment. In
this study, neutral reactive species treatment also involved
hydroxylation, dechlorination, and aromatic ring fission
reactions. 4-CP was converted to 4-CC, 4-CR, and HQ via
hydroxylation and dechlorination and finally cleaved to oxalic
acid, succinic acid, and fumaric acid (Figure 1B and Table 1).
Figure 5 shows the degradation pathways of 4-CP under
neutral reactive species treatment. Interestingly, bacterial
degradation by intracellular enzymes and modification via

Figure 4. Time-dependent conversion of 4-CP and its derivatives.

Figure 5. 4-CP oxidation, hydroxylation, dechlorination, and aromatic ring fission via neutral reactive species irradiation.
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neutral reactive species treatment detoxified 4-CP in a similar
pathway.17−23

Among the bacterial and fungal bioremediation strategies,
Pseudomonas species play important roles in the degradation of
environmental pollutants in soil, including 4-CP.18−20 Thus far,
P. putida has been utilized for the bioremediation of these
chemicals, particularly in activated sludge and bioreactor-
facilitated biodegradation.35 However, bacterial bioremediation
takes a long time and does not completely degrade 4-CP as this
compound and several of its intermediates suppress bacterial
growth.23,24 Our results indicate that the neutral reactive
species treatment assisted the growth of P. putida and
detoxification and degradation of 4-CP and its derivatives. In
other words, P. putida assimilated the 4-CP derivatives
converted via neutral reactive species treatment as the carbon
source. These findings suggest that the neutral reactive species
treatment has considerable application potential in bacterial
bioremediation strategies in nutrient-poor environments.
Each number indicates the GC peaks shown in Figure 1B

and Table 1.

■ CONCLUSIONS

In this study, we analyzed the effect of neutral reactive species
treatment on 4-CP molecules and observed that this treatment
reduced the toxicity of 4-CP toward P. putida by converting the
compound into its derivatives. In addition, plasma-irradiated 4-
CP could be used to degrade 4-CP by P. putida. These results
suggest that the neutral reactive species treatment of 4-CP can
significantly contribute to the removal of 4-CP from the
environment and industrial wastewater.

■ METHODS

Chemicals. 4-CP, 4-CC, 4-CR, and HQ used in this study
were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan).
Electrically Neutral Reactive Species Treatment of 4-

CP. An atmospheric-pressure oxygen radical generator (Tough
Plasma FPA10, FUJI CORPORATION, Japan) was used in
the study. The radical generator was driven at a high AC
voltage of 15 kV (60 Hz, Vpp) using a gas mixture of Ar and
O2. In our previous study, the gas mixture of Ar (4.97 slm) and
O2 (30 sccm) was confirmed as an optimized condition for the
production of highly reactive O(3Pj), with a density of
approximately 1014 cm−3.26 Based on this information, the
flow rates of Ar and O2 were set to be 4.97 slm and 30 sccm,
respectively, in this study. Additionally, the large amount of Ar
used was expected to suppress the three-body collision
between O (3Pj) and O2, thereby preventing ozone (O3)
production and increasing the supply of atomic oxygen to the
samples. Within the radical generator, the gas flow channel is
bent at 90°, which prevents the direct exposure of the samples
to high-energy photons in the generated plasma. Additionally,
an electrically grounded metal plate was placed on the plasma
flow channel to terminate charged species in the produced
plasma. As shown in Figure 1A, 3 mL of the liquid sample in a
Petri dish (38 mm diameter) was placed in the radical
generator. The distance between the slit exit (0.5 mm × 16
mm) of the radical generator and the surface of the liquid
suspension was fixed at 10 mm. The liquid samples placed on a
programmable moving stage were scanned at a speed of 4 mm/
s and in a range of 16 mm to improve the uniformity of the
radical treatment. A plastic chamber was used to cover the

samples to prevent the evaporative loss of 4-CP and its
reaction products.

Growth of P. putida. P. putida KT2440 was obtained from
the NITE Biological Resource Center (Tokyo, Japan) and
cultured separately in synthetic sewage36 (16 g/L peptone, 11
g/L meat extract, 3 g/L urea, 0.7 g/L NaCl, 0.4 g/L CaCl2, 0.2
g/L MgSO4, and 2.8 g/L K2HPO4) containing a control, 0
mM, and three increasing concentrations of 4-CP0.5, 1.0,
and 2.0 mM, shaken at 300 rpm for up to 48 h at 28 °C. Cell
growth in the presence of 4-CP with or without neutral
reactive species irradiation was monitored by measuring the
optical density at 600 nm.

Analytical Methods. 4-CP solutions treated with or
without neutral reactive species were filter-sterilized and
analyzed. The residual 4-CP and its metabolic products were
analyzed using an HPLC system (JASCO, Tokyo, Japan)
equipped with a fluorescence detector (280 nm). The aliquots
were separated on a Develosil ODS-HG column (150 mm ×
4.6 mm i.d.; Nomura, Seto, Japan) with isocratic elution from
water/acetonitrile (20/80) at 1.0 mL/min for 10 min and a
linear gradient of 20−100% (v/v) acetonitrile for 15 min.
Quantification was carried out using HPLC or GC−MS with
calibration curves obtained for 4-CP and its metabolic
compound standards.
4-CP solutions (500 μL) were extracted using ethyl acetate

(500 μL), dried, trimethylsilylated using 50 μL of N-methyl-N-
trimethylsilyltrifluoroacetamide (Wako Pure Chemical Indus-
tries, Osaka, Japan), and analyzed using GC−MS (GCMS-
QP2010; Shimadzu, Kyoto, Japan) on a system equipped with
a J&W DB-5MS capillary column (30 m × 0.25 mm i.d. × 0.25
μm thickness; Agilent Technologies, Santa Clara, CA).37

Glycine (at a final concentration of 50 μM), which is not
affected by the neutral reactive species treatment,38 was added
to the 4-CP solutions treated with or without neutral reactive
species and used as an internal standard for quantitative
analysis using GC−MS.
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