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A B S T R A C T

Pentachlorophenol (PCP), a highly toxic halogenated aromatic compound, and its direct photolysis or TiO2

photocatalysis may generate toxic intermediates and induce secondary pollution in the environment. It is ur-
gently needed to design a strategy to inhibit the toxic intermediates in the photodegradation of PCP. To achieve
this, polydopamine (PDA), a non-toxic substance, modified TiO2 (P25/PDA) nanoparticles were synthesized and
used to improve the PCP photodegradation process. The dynamic tracking of toxic intermediates tetrachloro-1,4-
benzoquinone (TCBQ) and trichlorohydroxy-1,4-benzoquinone (OH-TrCBQ) produced in the PCP photo-
degradation process were obtained by continuous flow chemiluminescence. Combined with reactive oxygen
species (ROS) measurements, P25/PDA could approximatively depress 70 % TCBQ and 40 % OH-TrCBQ gen-
eration through the regulation of ROS especially the generation of a fairly large amount of H2O2 (about 30 μM)
and O2

%− (about 20 μM) on the surface of the P25/PDA. The toxicity evaluation showed that the photo-
degradation of PCP by P25/PDA was a safer and green approach. Therefore, it was instructive to inhibit the
formation of highly toxic intermediates in the photodegradation of environmental contaminants by regulating
the ROS generated on the surface of the photocatalysts.
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1. Introduction

Pentachlorophenol (PCP), a more harmful aromatic substance, is
one of the priority pollutants listed in USEPA(USEPA, 2019a, b). Its past
long usage as herbicides, insecticides, fungicides, and wood pre-
servatives(Seiler, 1991) has led to its prevalence in the soil or water
environment, to continuous exposure of people and ecosystems, and
even to cause human cancer(USEPA, 2010). Therefore, the removal of
PCP was of great significance. To date, many treatment methods such as
physical/chemical adsorption(Long et al., 2018), micro-biodegradation
(Chen et al., 2018), radiolysis(Xue and Wang, 2008), ozone/ultrasound
(Weavers et al., 2000), Fenton(Vergura et al., 2019), and photocatalytic
processes(Han et al., 2019), have been developed to eliminate the PCP.
In which photodegradation by semiconductor, has been deemed as a
prospective approach due to their ability to completely eliminate of
organic pollutants. However, most studies only focused on the degree
and efficiency to eliminate the parent compound PCP (Martinez-Haya
et al., 2019), the toxic intermediates was usually ignored during the
photocatalytic process. Our previous study has found that a highly toxic
intermediate tetrachloro-benzoquinone (TCBQ) generated in the pho-
todegradation of PCP over TiO2, and it still existed in large quantities
when PCP was completely degraded(Ma et al., 2018). Moreover, TCBQ
could induce the canceration of normal cells and/or accelerate the
proliferation of cancerous cells through increasing intracellular reactive
oxygen species (ROS) levels(Ling et al., 2016), which brought greater
harm to the environment and human health. Therefore, how to regulate
the formation of toxic intermediates was the key issue in the photo-
degradation of PCP.

Generally, the photodegradation of PCP was mainly involved the
photo-induced generation of ROS, and the redox reactions of these ROS
with the chemicals such as PCP and its intermediates(Mills and
Hoffmann, 1993). The general principle was that when the photo-
catalyst was irradiated by the ray of light with wavelengths shorter than
or equal to its forbidden band, the photogenerated electrons-holes pairs
can be produced (Bagheri and Muhd Julkapli, 2016; Toor et al., 2006).
These excited holes and electrons can migrate to the photocatalysts
surface and work with absorbed water/oxygen to produce ROS such as
hydroxyl and superoxide radicals (%OH and O2

%−) or hydrogen peroxide
(H2O2) etc (Waiskopf et al., 2016; Gomez-Ruiz et al., 2018) which could
attack and degrade the pollutant due to their high reactivity. Mills and
Hoffmann reported that the photodegradation of PCP over TiO2 pro-
ceeds via the attacking of %OH on the para-position of aromatic ring to
produce semiquinone radicals which can disproportionate to form
highly toxic intermediate TCBQ (Mills and Hoffmann, 1993). Li et al.
investigated that plenty of O2

%− generated in the bismuth silicate could
attack the carbon atoms and cause the breakage of the carbon-chlorine
bond in photodegradation of PCP (Li et al., 2011). Antonopoulou et al.
investigated that O2

%− was the largest contribution to photodegrada-
tion the PCP over NeFeTiO2 in acidic conditions and %OH in alkaline
condition(Antonopoulou and Konstantinou, 2015). These reports
mainly focused on which ROS contributes most to PCP photodegrada-
tion. In our study, the roles of ROS in photodegradation of initial
compound PCP and the toxic intermediates such as TCBQ has been
systematically investigated. The results showed that O2

%− and H2O2

exhibited a major contribution to remove TCBQ and OH-TrCBQ in the
degradation of PCP(Ma et al., 2019). This study gave us an idea of
whether the high toxic intermediates produced such as TCBQ could be
dynamically controlled through regulating O2

%− and H2O2 production
on the surface of photocatalysts during the photodegradation of PCP?

The regulation of O2
%− and H2O2 was usually achieved by designing

photocatalysts. Currently, non-metal elements (N, B, S, F, and I), noble
metal (Au, Pt, Pd, and Ag) and metal compounds (BiVO4, CdS, MoS2,
etc.) modified TiO2 was often used to achieve an electron-rich surface
and depress the recombination of photogenerated carriers, thus, the
O2

%− and H2O2 production increased greatly (Wang et al., 2019;
Sakthivel et al., 2004; Wu et al., 2019; Wei et al., 2013). Actually, these

photocatalysts indeed inhibited the production of toxic intermediates
during photodegradation of PCP. For example, Su et al. devised Bi2O3/
TiO2−xBx with high O2

%− and H2O2 yield to remove PCP, and found
that most of the intermediates were low toxic intermediate chlorinated
congeners and phenol(Su et al., 2012). Nevertheless, these materials
have significant drawbacks: the severe experimental conditions (high
pressure and/or high temperature); the use of hazardous and costly
materials; the production of large amounts of wastes(Tripathy et al.,
2016). Therefore, the further effort was still needed to explore catalysts
with higher O2

%− and H2O2 generation and more friendly to the en-
vironment. To date, bio-inorganic functionalized nanomaterials have
many excellent properties and potential applications in electronics and
optics due to its cheaply and eco-friendly. Zhou et al. have reported
biological media like dopamine modified TiO2 exhibited better
quantum yield and photodegradation efficiency(Zhou et al., 2016).
Although the bio-inorganic nanoparticles attracted much attention from
researchers, most of them only concerned about improving the de-
gradation efficiency of pollutants, but there were few reports on the
mechanism of ROS production and interaction with pollutants in the
system. Polydopamine (PDA) was a dopamine derived synthetic eu-
melanin polymer (scheme S1). According to our previous research,
PDA-coated TiO2 photocatalysts promoted the location of holes on
dopamine, enhanced the hole-electron separation, and the more elec-
trons could be generated and transferred across the interface to O2, and
then generated more reducing radicals such as O2

%− and H2O2(Chen
et al., 2019). These findings inspired us that PDA modified P25 could
lead to the inhibition of highly toxic intermediates in the photo-
degradation of PCP. More importantly, we have successfully built a
chemiluminescence method for tracking the photodegradation process
of PCP (Ma et al., 2018), which facilitated dynamic controlling of toxic
intermediates during the photodegradation of PCP over P25/PDA.

Based on the above, the dynamic regulation of photodegradation
process of PCP by P25/PDA was systematically investigated. After the
detection of main intermediates by electrospray ionization quadrupole
time-of-flight mass spectrometry (ESI-Q-TOF-MS) and evaluation of
their acute toxicity using luminescent bacterial test, the production and
conversion process of toxic intermediates TCBQ and OH-TrCBQ was
dynamically tracing by continuous flow chemiluminescence (CFCL).
The results showed that the production of TCBQ and OH-TrCBQ could
be depressed and the PCP photodegradation process can be regulated
by P25/PDA. From the inhibition mechanism of toxic intermediates
performed using ROS scavengers, the production of O2

%− and H2O2 on
the surface of the photocatalyst was the key factor in determining the
generation of TCBQ. Moreover, the toxicity evaluation further con-
firmed that the P25/PDA photocatalytic reaction was a safe and green
approach to remove PCP.

2. Materials and methods

2.1. Modification of PDA on P25 TiO2 nanoparticles

The adsorption of PDA (polydopamine) on P25 surface was
achieved according to previous reports with some little modifications
(Liu et al., 2017): P25 nanoparticles (1 g) was dispersed in 500 mL Tris
buffer/dopamine (DA) solution (200, 400, 800 μM) at pH 8.5 because
the alkaline solution is beneficial for the DA polymerization. Then, the
solution was stirred at 25℃ for 24 h. After 12,000 rpm centrifuged and
washed 5 times using ultrapure water and ethanol, the samples were
dried in overnight at 80 °C, and black colored powders of P25/PDA
were obtained, and denominated P25/PDA-0.5, P25/PDA, and P25/
PDA-2, respectively. The concentration of PDA loaded on P25 was
about 0.021, 0.043, and 0.084 g/g, respectively (Fig. S1).

2.2. Physical characterizations

High-resolution transmission electron microscopy (HRTEM, JEM-
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2100 F, Japan) of the P25/PDA samples were obtained at 200 kV. The
size of the P25/PDA samples were obtained by the Nano measurer 1.2
software. Diffuse reflectance UV–vis absorption spectra (DR-UVS, UV-
3600 plus, Japan) of the samples were carried out with one integrating
sphere. The attenuated total reflection flourier transformed infrared
spectroscopy (ATR-FTIR, Nicolet 8700, America) were obtained using a
ZnSe plate. X-ray photoelectron spectroscopy (XPS, ESCALAB 250X,
America) were obtained using an Al Kα achromatic X-ray source. X-ray
diffraction (XRD, X'Pert PRO MPD, Netherlands) of P25/PDA were
carried out by a diffractometer with Cu Kα source. The photocurrent
was detected by using the TiO2-Nafion®method. (Saravanakumar et al.,
2017).

2.3. Photocatalytic experiments and dynamic tracking of intermediates

Firstly, 0.2 g/L P25/PDA and 20 μM PCP were suspended in 300 mL
deionized water, then the solution was supersonic for 15 min and then
stirred for 30 min under dark condition. The primary pH of the mixture
solution was regulated to 7.0 by NaOH/HCl. Photodegradation under
UV (1000 W xenon lamp) was obtained by equipping the lamp with
filters (400 nm cutoff and 365 nm). The intensity of the light was 10
mW/cm2. For ESI-Q-TOF-MS, High-Performance Liquid
Chromatography (HPLC) experiments and acute toxicity measurements,
2 mL of the suspension was drew at a given illuminated time intervals
and centrifuged with 12,000 r/min for 10 min.

ESI-Q-TOF- MS analysis identified the major intermediate products
during the PCP photocatalytic process by an Agilent-6540 mass spec-
trometer (Agilent Technologies, Santa Clara, CA, USA). PCP and the
main intermediates were quantified by an HPLC instrument (Agilent
Technologies, Santa Clara, California, USA) with a separation column
(Eclipse plus C18, 50 mm × 3 mm, 2.7 μm, Agilent, USA). The pro-
duction and conversion process of TCBQ and OH-TrCBQ was tracing by
CFCL instrument which has been investigated in our previous research
(Ma et al., 2018) and described in the supporting information (Scheme
S2)

2.4. Free radical measurements

O2
%− and H2O2 were detected by 2,3-bis(2-methoxy-4-nitro-5-sul-

phopheny1)-5-[(phenylamino)carbonyl]-2Htetrazolium hydroxide, so-
dium salt (XTT), and N,N-diethyl-p-phenylenediamine (DPD) methods,
respectively(Sutherland and Learmonth, 1997; Bader et al., 1988). %OH
was detected by TA method (Ishibashi et al., 2000). To further confirm
the ROS involved in the photodegradation system, radical scavengers of
20 μM Cr(VI), 600 U/mL superoxide dismutase (SOD), 20 mM oxalic
acid (OA), 3 mM isopropanol and 100 U catalase (CAT) for photo-
electron, O2

%−, h+vb, %OH and H2O2 were added into the photocatalytic
solutions, respectively(Su et al., 2012; Antonopoulou et al., 2015; Kajita

et al., 2007; Antonopoulou et al., 2013; Li et al., 2009).

2.5. Acute toxicity evaluation

The acute toxicity of pre-prepared solutions was detected using V.
fischeri test kits (Hamamatsu Photo Techniques Ltd., Hamamatsu,
Japan). A brief description was as follows (Ma et al., 2018): 1.5 mL of
the treated solution was acquired at indicated time intervals and added
with 0.05 mL of 600 U CAT at 25℃ for 10 min to quench H2O2. After
centrifugation, 0.85 mL of the supernatant solutions was mixed with
0.15 mL of osmotic pressure regulating buffer and 20 μL of the activated
V. fischeri, then stayed for 15 min (room temperature). In the end, the
luminescence signal of the mixture solution was detected using a batch
chemiluminescence analyzer (Institute of Biophysics, Chinese Academy
of Sciences, Beijing, China).

3. Results and discussion

3.1. Characterizations of P25/PDA nanoparticle

HR-TEM images (Fig. 1) of P25 and P25/PDA suggested the PDA
was successfully modified on the surface of P25, the primary sizes of
P25 was 20−30 nm (Fig. 1a, Fig S2) and the thicknesses of outer PDA
nanoshell was about 1 nm (Fig. 1b), which was consistent with the
previous report(Mao et al., 2016). The core exhibited a diagnostic lat-
tice fringe, while there are no lattice fringe found in the shell, indicating
that the P25/PDA was constituted by a crystalline P25 core and an
amorphous PDA polymer shell. The XRD spectrometry (Fig. S3) showed
that P25 and P25/PDA only existed anatase and rutile TiO2 phases
(Jiang et al., 2019), and it was no found 2θ about PDA, indicating the
PDA shell was amorphous (Hu et al., 2016).

The surface functional groups and complexation characteristics of
P25/PDA were studied by XPS and ATR-FTIR spectroscopy. In XPS
analysis, binding energy peaks of C1s (284.5 eV), O1s (532.4 eV) and Ti
2p (458.9 eV) were detected in P25/PDA with the same as naked P25
(Fig. S4). However, a new binding energy peaks of N 1s (400 eV) was
found in P25/PDA, indicating the nitrogen-containing species in PDA.
The P25/PDA exhibited three peaks of C 1s (Fig. 2a), the little higher
peak at 284.7 eV suggested surface carbon contamination, The peaks of
286.0 and 288.6 eV were corresponded to CeO and CeN bond, re-
spectively(Yang et al., 2016). Three O 1s peaks were seen at 529.9,
531.5 and 532.2 eV (Fig. 2b). The binding energy of 529.9 eV re-
presented to the Ti-O-Ti bond of P25. The peak of 531.5 eV was due to
the O2

− ion inserted in an imperfect lattice with oxygen deficiencies
(Song et al., 2017). The peak at 532.2 eV indicated the formation of the
H-bonds between TiO2 and the surface of organic compounds(Zhou
et al., 2016). The N 1s peak were detect at 399.8 eV and 401.5 eV
(Fig. 2c), which were identified as the imine eN] groups and the

Fig. 1. HR-TEM images of P25 and P25/PDA.
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amine eNeH groups, respectively(Zheng et al., 2015; Asahi et al.,
2001). The eNeH groups belonged to dopamine, while the eN]
groups were generated by indole groups in PDA. The spectrogram of Ti
2p (Fig. 2d) separated to Ti 2p3/2 and Ti 2p1/2 at 458.6 and 464.4 eV
(Zhou et al., 2016). ATR-FTIR measurements further confirmed the
functional groups of P25/PDA (Fig. S5). These observations also ver-
ified the successful synthesis of the P25/PDA. PDA absorbs UV light to
induce the π–π* transition of eN] groups, transporting the excited-
state electrons from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO), the excited-state
electrons can be readily injected into the conduct band of TiO2 com-
bined through TieO, CeO and He bonds, and then transferred to the
surface to react with water and oxygen to form H2O2 and O2

·− and
control the generation of toxic intermediates during PCP photo-
degradation.

3.2. Dynamic regulation of toxic intermediates in PCP photodegradation
process

In general, the formation and transformation process of inter-
mediates were different because of different degradation conditions.

Thus, intermediates were firstly explored by ESI-Q-TOF-MS in the
photodegradation of PCP over P25/PDA. The results showed that
TCBQ, TCHQ and OH-TrCBQ were still the primary intermediates in
P25/PDA/PCP (Fig. S6, S7), which was the same as the case of P25/
PCP. DDBQ was not detected because there was very little production in
P25/PDA/PCP. Then the control photocatalytic experiments with PDA
was implemented as shown in Fig S8, the result showed that pure PDA
particles could hardly degrade the PCP. The absorption experiment
showed that the coating of PDA has little effect on the absorption of PCP
or intermediates (Fig. S9). Furthermore, the acute toxicity of these in-
termediates and PCP were tested by photoluminescent bacteria method
as shown in Fig.S10. The results exhibited that TCHQ was far less toxic,
OH-TrCBQ was equivalently toxic, but TCBQ was even more toxic than
PCP. This also implied that TCBQ and OH-TrCBQ might be the most
important factors in regulating the dynamic toxicity change of PCP
degradation process.

Then an essay was implemented for the dynamic regulation of TCBQ
and OH-TrCBQ during PCP photodegradation by P25/PDA using CFCL
developed by our group(Ma et al., 2018). Fig. 3a showed that without
irradiation or photocatalysts, there was no CL due to small amount of
PCP photodegradation in this process. When the xenon lamp was turned

Fig. 2. XPS spectra of P25/PDA.

Fig. 3. Monitoring of the toxic intermediates (TCBQ and OH-TrCBQ) generation using the CFCL method during photodegradation of PCP over different photo-
catalysts and different concentrations of P25/PDA.
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on, a CFCL curve appeared and two peaks generated with the prolong of
illuminated time. According to the previous study(Ma et al., 2018), the
two peaks should be the indication of the generation process of OH-
TrCBQ and TCBQ because only these two intermediates could generate
CL induced by H2O2 in the photodegradation of PCP. Compared with
the CFCL curves with the HPLC (Fig. S11), the results showed a very
similar pattern, peak 1 paralleling with OH-TrCBQ, peak 2 paralleling
with TCBQ. Therefore, the formation and transformation process of
toxic intermediates was the same as that of PCP/P25 (Fig. 3a). How-
ever, the dynamic generation concentration of OH-TrCBQ and TCBQ
decreased and formation time was delayed greatly during the de-
gradation of PCP using P25/PDA. With the increment of the PDA layer
on P25, the generation concentration of the intermediates was lower
and delayed time was longer. This was due to the pH value of the so-
lution changed more slowly as shown in Fig. S12, resulting in the in-
termediates spontaneously hydrolyzed to form OH-TrCBQ in photo-
degradation of PCP longer than over P25(Ma et al., 2018). However,
when the PDA layer was up to 0.084 g/g (P25/PDA-2), the delayed time
was too long to generate the two intermediates, this was probably be-
cause the photodegradation of PCP was inhibited largely (Fig. S8). Al-
though this, it was worth noting that CFCL intensity of OH-TrCBQ and
TCBQ generated in the PCP/P25/PDA-0.5 or PCP/P25/PDA were both
much lower, and the existence time of higher toxic intermediates TCBQ
was becoming shorter than that of PCP/P25, in which the P25/PDA
exhibited better performance. Thus, the P25/PDA was chosen to reg-
ulate the generation of toxic intermediates during the photodegradation
of PCP.

Furthermore, the concentrations of P25/PDA have also been in-
vestigated for the dynamic regulation of OH-TrCBQ and TCBQ during
the PCP photodegradation process. Fig. 3b showed with the increment
of P25/PDA within the range of 0−0.2 g/L photocatalysts, the forma-
tion of OH-TrCBQ and TCBQ was getting lower, and the existence time
of higher toxic intermediates TCBQ was also becoming shorter. How-
ever, when the quantities of P25/PDA were more than 0.2 g/L, the
regulation the regulation was failed and the formation of OH-TrCBQ
and TCBQ were increased again, this was probably because the color of
PCP/P25/PDA suspension was too dark, which could affect the light
absorption, the separation of hole-electron pairs and formation of H2O2.

Based on the results above, the generation process of OH-TrCBQ and
TCBQ could be dynamically regulated and even inhibited by PDA
modified P25, and 0.2 g P25/PDA was the best condition to control the
formation of them. The HPLC results showed the concentration of TCBQ
and OH-TrCBQ produced by P25/PDA was 3.1 μM and 0.96 μM (Fig.
S11) which was significantly lower than that of P25. It was worth
noting that the existent time of more toxic intermediate TCBQ was from
60 to 90 min, which was also lower than P25. These results also
strongly demonstrated that the production process of TCBQ and OH-
TrCBQ could be dynamic controlled during photodegradation of PCP
over P25/PDA.

To investigate the stability of P25/PDA, cycling runs of the photo-
degradation of PCP were carried out. As shown in Fig. S13, the gen-
eration of TCBQ and OH-TrCBQ gradually increased and the formation
time slowly shortened. Although this, the generation of TCBQ and OH-
TrCBQ can still be regulated compared with the naked P25 after three
cycles of irradiation, respectively.

3.3. Comparison between Dynamic Regulation and acute toxicity
assessment

To further investigate whether the P25/PDA could be used as a safer
photocatalyst to remove PCP, the CFCL curves and bacterial lumines-
cence by PCP/P25 or PCP/P25/PDA suspensions have been studied.
Different PCP concentrations with P25 and P25/PDA solutions were
lighted, and the dynamic production and conversion process of OH-
TrCBQ and TCBQ was investigated by CFCL (Fig. 4a). The CFCL signal
of both OH-TrCBQ and TCBQ produced in PCP/P25 or PCP/P25/PDA

improved with PCP concentration increased, suggesting more OH-
TrCBQ and TCBQ were produced. Excitingly, under the same con-
centration of PCP, the CFCL intensity of both OH-TrCBQ and TCBQ
produced in PCP/P25/PDA was lower than PCP/P25, indicating the
generated OH-TrCBQ and TCBQ by P25/PDA lower than P25. Fig. 4b
exhibited the toxicity of irradiated PCP/P25 or PCP/P25/PDA suspen-
sions toward V. f ischeri. 600 U CAT was added to the system to avoid
the effect on luminescent bacteria by H2O2 which generated in the
photocatalytic process (Fig. S14). According to the inhibition percen-
tage of bacterial luminescence (INH%) tests, the initial time exhibited a
relatively high INH% due to PCP was a more toxic toward V. fischeri.
When PCP concentration increased, the INH% rate of the PCP/P25 or
PCP/P25/PDA solution also increased. The INH% maintain high and
steady at the start of photodegradation process due to the incomplete
removal of OH-TrCBQ and PCP. With the irradiation time prolonging,
the CL intensity and INH% both continued to enhance and then gra-
dually reduced owing to generation and transformation of TCBQ. It was
worth noting that for 15 and 20 μM PCP, the INH% rate of the solution
of PCP/P25/PDA was lower than PCP/P25, indicating the generated
OH-TrCBQ and TCBQ by P25/PDA lower than P25. When the con-
centration of PCP increased to 25 μM, the INH% rate of the solution of
PCP/P25 reached 100 % during 30−70 min while PCP/P25/PDA was
during 90−100 min, indicating the TCBQ produced in PCP photo-
degradation by P25 much more than P25/PDA. Especially, the CFCL
response curves of PCP/P25 or P25/PDA solution exhibited a very si-
milar to their INH% (luminescence bacteria). These results also in-
dicated the P25/PDA could be used to regulate and inhibit the gen-
eration during the photodegradation of PCP, and it exhibited as a safer
photocatalyst to remove PCP than P25.

3.4. Dynamic regulation mechanism of toxic intermediates during PCP
photodegradation by P25/PDA

In the photodegradation of organic and biological pollutants, the
ROS generation was a vital factor due to their high reactivity. For the
degradation of parent PCP compounds, some researchers reported that
O2

%− or %OH was investigated as the reactive radical(Su et al., 2012;
Antonopoulou et al., 2015), while there were few reports about TCBQ
or OH-TrCBQ degradation expect our study in PCP/TiO2 suspensions
(Ma et al., 2019). As we know, for different catalysts or catalytic sys-
tems to remove the same pollutants, the main roles of active oxygen
radicals were probably different. In order to investigate the dynamic
regulation mechanism, the roles of ROS on regulating highly toxic in-
termediates especially TCBQ or OH-TrCBQ in photodegradation of PCP
by P25/PDA should be clearly determined. Based on these, different
ROS quenchers at sufficient concentration were fitted (Fig. S15) in
photocatalytic reaction to depress the ROS, and studied the effect of
various ROS on the photodegradation kinetics of toxic intermediates
and the parent PCP.

For TCBQ (Fig. 5a), only the addition of CAT provoked extensive
inhibition of substrate photodegradation, suggesting that H2O2 played a
key role in TCBQ degradation. This was consistent with the previous
report that H2O2 could cause the hydroxylation and dechlorination of
TCBQ to generate OH-TrCBQ and DDBQ, and induce quinone opening
the aromatic ring to form some small molecule (Zhu et al., 2012, 2007).
While the addition of SOD, isopropanol and OA gently promoted the
TCBQ degradation. This was probably because these scavengers might
result in more electrons/hydrated electron saved from the recombina-
tion with ROS (Yin et al., 2010). It was worth noting that when the
H2O2 was completely quenched by CAT, the inhibition of TCBQ de-
gradation was the same as that of completely quenching photo-
generated electrons by Cr (Ⅵ), indicating that TCBQ degradation might
be mainly driven by the pathway through ecb− to form H2O2. All these
results suggested that H2O2, not O2

%−, %OH, and hvb+, was the main
active species involved in TCBQ degradation and transformation.

For OH-TrCBQ (Fig. 5b), the results showed that CAT and SOD could
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extensively retard its photodegradation, suggesting that both of H2O2

and O2
%− contributed to the removal of OH-TrCBQ. Especially noting

that the inhibition of CAT on OH-TrCBQ degradation was much higher
than that of SOD, indicating that H2O2 still played the most crucial role
in the photodegradation of OH-TrCBQ. Meanwhile, isopropanol and
OA, %OH and hvb+ scavengers, depressed the recombination of ROS
with electron/hydrated electron, was also beneficial to the photo-
degradation of OH-TrCBQ. When the ecb− was completely quenched by
Cr (Ⅵ), 80 % of OH-TrCBQ was inhibited, indicating that ecb- played a
significant role in the photodegradation of OH-TrCBQ, which indirectly
as reductants of the TiO2 surface oxygen molecule to produce O2

%− and
H2O2 by the Eq. 1 and 2.

For PCP (Fig. 5c), we discovered that the addition of SOD, CAT or
isopropanol could enormously inhibit the photodegradation of PCP,
suggesting the essential participation of O2

%−, H2O2, and %OH in the
photodegradation of PCP. Highest inhibition (approximatively 80 %)
was observed in the presence of isopropanol among these ROS
quenchers, indicating that %OH contributed most in the photodegrada-
tion of PCP. In general, %OH was produced by the hole oxidized the H2O
molecule(Kormann et al., 1991). Nevertheless, the addition of OA did
not remarkably depress PCP photodegradation process, suggesting the
photogenerated hvb+ on P25/PDA was very few and could not play part
in the PCP/P25/PDA photocatalytic system. These results could be
reasoned that the PDA layer could promote electrons transferred to the
P25 conduction band to start reductive actions, whereas the layer could
immediately scavenge the hvb+, blocking the pathway of holes to oxi-
dize the surface OH− and H2O to produce·%OH(Chen et al., 2019) (Kim
et al., 2017). When the ecb− was completely quenched by Cr (Ⅵ), the
photodegradation of PCP was also totally depressed. From these results,
we referred that the %OH generation was mainly from the transforma-
tion of O2

%− and H2O2 generated in P25/PDA suspensions (Eq. 3,4), and
%OH production on P25/PDA was much lower than that of P25 sus-
pension which probably caused the delay of the whole degradation
process.

O2 + e− → O2
%− (1)

O2 + 2H+ + 2e− → H2O2 (2)

O2
%− + H2O2 → H2O+O2 + %OH (3)

H2O2 + e− → %OH+OH− (4)

In order to further investigated the dynamic regulation mechanism
of P25/PDA on the TCBQ and OH-TrCBQ in the photodegradation of
PCP, the photogenerated currents and ROS generation including %OH,
O2

%−, H2O2 were studied in P25/PDA suspensions. PDA coated on the
surface of P25 could promote photogenerated holes generated(Chen
et al., 2019). The PDA modified TiO2 through the chemical bonding of
hydroxyl groups bond, the typical time of hole-electron recombination
(10−20 ps) was larger than the hole-quenching (< 100 fs) by the
chemically-bonded polyhydroxy moiety(Rothenberger et al., 1985;
Shkrob and Sauer, 2004). Hence, the recombination of hole-electron
was restrained, thus more electron released and the photocurrent
density increased significantly (Fig. 6a). Then O2

%− and H2O2 produced
by electrons reduced O2(Wang et al., 2014). As shown in Fig. 6b and 6c,
the O2

%− production on P25/PDA was not more than that of P25, but
the H2O2 generation was much higher than that of P25. These were
probably because the excited electrons generated on P25/PDA reacted
with molecular oxygen by two-electron reduction to form H2O2 instead
of O2

%−. What is more, no toxic intermediates TCBQ and OH-TrCBQ
generated in the photodegradation of PCP over P25 or P25/PDA with
adding 30 μM H2O2 (Fig. S16), further indicating H2O2 was the main
active species involved in TCBQ and OH-TrCBQ degradation and
transformation. This also explained why P25/PDA could regulate and
even inhibit the production of TCBQ and TrCBQ. On the other hand, the
%OH generated by the hole oxidized the H2O molecule(Kormann et al.,
1991) which has been verified by Fig. 6d. When the illumination time
increased, the fluorescence signal induced by %OH also increased, but
the %OH generated on P25/PDA was much lower than P25. This further

Fig. 4. PCP removal and INH % of the solution as a function of irradiation time in photodegradation of PCP over P25 or P25/PDA.

Fig. 5. kinetics of photodegradation of (a) TCBQ, (b) OH-TrCBQ and (c) PCP, in the presence of various scavenging reagents.
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confirmed that PDA, as holes scavenger, promoted the electron release
and H2O2 generation. In addition, the small amount of %OH generated
on P25/PDA, which exerted a crucial role in PCP degradation, resulted
in the delay of the whole PCP degradation process.

Based on the above, combined the main intermediates measured by
HPLC with ROS generation and their roles on the parent compounds
and toxic intermediates, the dynamic regulation mechanisms during
PCP photodegradation over P25/PDA were described as follows: in the
case of P25/PDA, the toxic intermediates TCBQ was first produced
through %OH attacking the para position of PCP, and then it was
spontaneously hydrolyzed or attacked by H2O2 to form OH-TrCBQ(Zhu
et al., 2012; Sarr et al., 1995). Then, OH-TrCBQ was attacked further by
H2O2 and O2

%− to generate small molecules such as CH3CO2
−,

HClO2
−, Cl − and CO2, etc in the next photo-oxidation. On the other

hand, TCBQ could be directly ring-opened by H2O2. Due to the more
H2O2 generated, the TCBQ and OH-TrCBQ could be quickly degraded
and transformed. However, in the case of P25, TCBQ and OH-TrCBQ
were difficult to degrade due to a small number of H2O2 generation.
Thus, the TCBQ and OH-TrCBQ were controlled and even enormously
inhibited and the PCP photodegradation process can be dynamic
monitored and regulated by chemiluminescence and P25/PDA.

4. Conclusion

A regulation strategy for dynamic controlling over the generation of
toxic intermediates was proposed and verified using CFCL during the
PCP photodegradation. The control of toxic intermediates TCBQ and
OH-TrCBQ can be achieved by the regulation of ROS generated on the
surface of photocatalysts P25/PDA because the PDA layer could pro-
mote electrons transfer to the P25 conduction band to form H2O2 and
O2

%− which were the main reactive species over the degradation and
transformation of TCBQ and OH-TrCBQ. Furthermore, the dynamic
regulation process was successfully tracked by the CFCL developed by
our lab, which was similar to the acute toxicity changes. Therefore, the
dynamic controlling of toxic intermediates and PCP photodegradation

process can be dynamic regulated by P25/PDA and CFCL. This can give
us an instruction for designing a harmless alternative to dynamic con-
trol the generation and transfromation of toxic intermediates and reg-
ulate the photodegradation process of environmental pollutants.
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