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Abstract Increasing discharge and inadequate removal of pharmaceutical compounds pose signif-
icant concerns over global aquatic systems and human health. The accomplishment of affordable
and safe water requires a stringent elimination of these micropollutants. This study evaluated the
performance of Visible/N-doped TiO, and Visible/N-doped TiO,/H,O, processes using a sub-
merged photocatalytic membrane reactor (SMPR) with suspended N-doped TiO, to address the
removal of diclofenac (DCF). The kinetic and pathway of photodegradation of DCF were of par-
ticular interest in this study. The initial DCF concentrations upon the experiments were also exam-
ined using a wide range of 5-50 mg/L and 20-100 mg L~ for Vis/N-doped TiO,, and Vis/N-doped
TiO,/H,0, process, respectively. The results indicated that higher initial concentration reduces the
efficiency of the process, but one with H,O, demonstrated an enhanced performance. The experi-
mental data were found to fit well a pseudo-first-order kinetic model. Our findings demonstrated
the analogous pathways of DCF for both processes. The Vis/N-doped TiO,/H,0O, process tends
to hasten the degradation rate as evidenced by the disappearance of some DCF byproducts at a sim-
ilar irradiation period as compared to the other. The study provided useful information of the
degradation rate and the potential formation of DCF intermediates upon the hybrid photocatalytic
systems, therefore being of importance for scaling-up as well as evaluating potential detoxification
of DCF upon the novel photocatalytic system.

© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Over the past few decades, growing attention has been paid to
pharmaceutical products as emerging environmental pollu-
tants (Wang et al., 2016). These micropollutants could be
widely encountered in many types of water resources largely
through hospital- and household-generated wastewaters, and
from pharmaceutical industrial effluents (Boleda et al., 2011).
Most of the conventional designed wastewater treatment
plants (WWTPs) are not sufficient to tackle pharmaceuticals
due to their persistence and outstanding structural stability,
consequently leading to their increasing presence in the aquatic
systems. As a result, they not only pose great threats to aquatic
organisms but also could potentially risk human health
(Boleda et al., 2011; Wang et al., 2016).

Diclofenac (DCF) is a synthetic non-steroidal anti-
inflammatory drug widely used to treat inflammatory and
painful diseases of rheumatic and non-rheumatic origin
(Calza et al., 20006). It is a recalcitrant organic pollutant that
is hardly biodegradable, and thus difficult to completely
remove by conventional wastewater treatment processes. The
extensive use of DCF in European (EU) countries results in
the dominant presence of this pharmaceutical in many
WWTPs with the concentration range of 0.14-1.6 pm L~'
(Zhang et al., 2008). Literature reported that the percentage
removal of DCF could vary a wide range, with an average
of around 21-40% in WWTP effluents (Ternes, 1998). As a
result, the DCF concentration was also detected in some
estuaries with a range of 0.006-0.195 mg L™!' (Thomas and
Hilton, 2004) and in rivers and lakes with a range of
0.024-0.500 mg L™ (Zhang et al., 2008). DCF has reportedly
limited acute toxicity on bacteria, algae, microcrustaceans, and
fishes, but could pose severe harmful effects on aquatic organ-
isms regarding chronic exposure (Ferrari et al., 2003). Earlier
studies witnessed the damage of the kidneys and gills of fish
once being exposed to DCF. Besides, the bioaccumulation of
DCF was also observed in the fish tissues (Triebskorn et al.,

2004). According to Hernando and coworkers, ECs, of DCF
for bacteria was less than 1 mg/L, while that for vertebrates
and algae occurred at a much higher concentration i.e.,
1-10 mg/L (Hernando et al., 2006).

Photocatalysis has emerged as a foremost reliable applica-
tion with high efficiency for the pharmaceutical degradation
(Dong et al., 2019; Li et al., 2019, 2020; Sarasidis et al.,
2014; Truong et al., 2019) due to its benefits of good photocat-
alytic activity, nontoxicity, chemical inertness, and low cost
(Buscio et al., 2015). Many different photocatalysts have been
developed recently for various applications such as perovskites
(Huynh et al., 2020; Park et al., 2018), graphitic carbon nitride
(Lam et al., 2020), transition metal oxides (Do et al., 2020;
Nguyen et al., 2020a), transition metal carbides (Nguyen
et al., 2020b, 2020c) and transition metal sulfides (Hasani
et al., 2019a, 2019b; Tekalgne et al., 2019). Among those,
TiO, is the most promising photocatalyst for wastewater treat-
ment because of its high photocatalytic activity, stability low
cost, and safety for humans and environment (Ata et al.,
2017, Lee and Park, 2013). However, TiO, (pure anatase) par-
ticles mainly absorb ultraviolet light which accounts for 3-5%
from solar energy. However, TiO, doping with non-metals (N,
C, and S) or metals (Cu, Fe, Ag, Cr, Pt, Pd, Rh, Ir, Os, and
Au) can absorb the visible light (400-700 nm). Doping of
metal/no-metal atoms into TiO, also increases its conductivity
(Sahasrabudhe et al., 2016). Notably, N is more effective than
other dopants (C, S, P) in narrowing the optical bandgap of
TiO, because of closing energy between N 2p state and O 2p
state (Ansari et al., 2016).

Another concept is to pair photocatalytic processes with
hydroxyl peroxide (H,O,) to enhance organic removal effi-
ciency since it also offers several merits, including the forming
of more hydroxyl radicals, preventing holes and electron
recombination, and enhancement TiO, adsorption light
(Achilleos et al., 2010; Irmak et al., 2004; Zou and Gao,
2011). So far, limited works have been carried out to
examine the kinetics and decomposition pathways of DCF
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by photocatalytic processes with and without H,O, under vis-
ible irradiation using SMPR. Furthermore, the TiO, is a wide
bandgap semiconductor (3-3.2 eV), which can only absorb
light in the UV region, limiting its application in most of the
photocatalytic systems (Chen and Selloni, 2014). To tackle
these problems, doping strategies have been developed to
enlarge the photocatalytic activity of TiO, under visible light
(Fagan et al., 2016). Among those, N-doped TiO, was highly
considered due to its high photocatalytic activity and can be
manufactured at a relatively low-cost compared to other
dopants such as Au, Ag, Pd, and Pt (Gomes et al., 2019).

Herein, we investigated the performance of SMPR with N
doped-TiO, suspended nanoparticles (NPs) in the photoreac-
tor under the photocatalytic process. This experiment also
includes the influences of H,0O, regarding DCF photooxida-
tion to provide an in-depth understanding of kinetics and the
DCF degradation pathway along with proposing the possible
mechanisms. The yield decomposition of DCF, determination
of rate constants, and DCF byproducts during 180 min reac-
tion time were also of interest.

2. Materials and methods

2.1. Chemicals and reagents

Commercial powder TiO, (Degussa-P25) (99.0%) and tita-
nium tetraisopropoxide (TTiP) (97.0%) were supplied from
Sigma Aldrich Co. Ltd, whereas diethanolamine (DEA)
(98.5%) was obtained from Acros Organic, USA. Acetic acid
(99.7%), hydrogen peroxide (30%), sodium hydroxide and sul-
furic acid (96%) were purchased from Merck chemicals, Ger-
many. Potassium iodide (99.5%) and ammonium nitrate
(90%) were obtained from QREC. Ammonium molybdate
(81.0%), starch, and sodium thiosulfate (99.5%) were pur-
chased from Ajax Finechem Pty Ltd. Ammonium hydroxide
(NH, , 28-30%) was supplied by Avantor. Diclofenac or
DCF was purchased from Volnac, T.O. Pharma, Co. Ltd,
Thailand. All chemicals were of analytical grade and used as
received. Microfiltration (MF) membrane was obtained from
Shandong Co, Ltd, China. MF ceramic membrane was made
by alumina with a pore size of 50 nm, a pressure strength of
1.0 MPa, and an effective area of 0.0148 m>. The visible fluo-
rescent lamps, 50 W were purchased from Panasonic Co, Ltd,
Thailand.

2.2. Preparation of N doped TiO;

The sol-gel method was applied to synthesize N-doped TiO,
NPs. Firstly, a certain amount of TTiP i.e., 4.5 mL was added
into a beaker containing 15 mL acetic acid under a thoroughly
stirring condition. Then, 30 mL of chili extract was added to
the homogeneous solution. 2.5 mL DEA was subsequently
added dropwise in the solution followed by a mild agitation
for 30 min. The resultant solution was transferred into a cera-
mic dish and kept in a hood for drying over 24 h at room tem-
perature. The sample was further dried at 100 °C in an oven
for 2 h prior to further be calcinated at 500 °C at 30 min with
the temperature increasing rate at 1 °C per min. Finally, the
nascent powder was washed with ethanol and DI water for five
times and dried in an oven at 105 °C for 2 h to obtain the
desired N-doped TiO, NPs.

2.3. Experimental set up

The SMPR set up containing suspended N-doped TiO, under
visible irradiation was applied to address synthetic wastewater
containing DCF. SMPR was designed by a photoreactor cylin-
drical tank with an immersed tube MF ceramic membrane
being at the center of the reactor. The membrane was con-
nected to a suction pump to collect the water sample
(Fig. 1). The photoreactor cylindrical tank was made by trans-
parent glass with a working volume of 2 L. Five visible lamps
with a power 50 W (420-720 nm) were installed outside and
around the reactor.

The photocatalytic reactor was placed in a chamber. A
magnetic stirrer was used to ensure uniformity of DCF mole-
cules and catalyst suspension. Oxygen was continuously sup-
plied through the pipe placed under the bottom of the UF
membrane. The SMPR was conducted using the synthesized
N-doped TiO, under visible light is denoted as “Vis/N-doped
TiO,” and that with H,O, addition to the reaction is referred
to “Vis/N-doped TiO,/H,0,”. The SMPR under Vis/N-doped
TiO, and Vis/N-doped TiO,/H,O, processes were taken place
for 180 min to investigate the DCF removal, kinetics, and
pathways its products. Operating factors with different initial
DCF concentrations were investigated for either scenario. To
ensure uniformity of DCF molecules in solution was mixed
by a magnetic stirrer. Oxygen was supplied though the pipe,
placed under the bottom of MF membrane.

2.4. Analytical methods

The surface morphology of TiO, was examined using a scan-
ning electron microscope (SEM) (JSMS5600LV, Japan) and
transmission electron microscopy (TEM, JEM-2100F, by
JEOL). The finger-print functional groups of the N-doped
TiO, NPs were assessed by the attenuated total reflectance
Fourier transform-infrared (ATR-FTIR) spectrophotometer
(PerkinElmer 100) with the scanning wavelength of 450—4000
I/cm. Prior to being measured, N-doped TiO, particles were
shaped into pellets using potassium bromide. The pH point
of zero charge of the N-doped TiO, NPs surface was deter-
mined by using Zeta sizer Nano ZS, Malvern Instruments
Ltd, Malvern (UK).

The residual DCF concentrations were withdrawn from the
reactor and measured by UV-Vis spectrophotometer
(SENESYS 10S, Thermo Scientific) at wavelength 276 nm
(Achilleos et al., 2010). Total organic carbon (TOC) was
determined by TOC analyzer (TOC-L CPH, Shimadzu), oper-
ating in non-purge organic carbon mode with a relative preci-
sion of <5%. DCF products were analyzed by HPLC/MS/
MS using Aligent 6200 series TOF/6500 series Q-TOF
B.06.01 (B6172SP1) with the column ZORBAX Eclipse Plus
(4.6 x 150 mm, 3,5 pm). The injection volume was 20 pL
and a flow rate of 500 pL/min. Pathways of DCF under two
modes i.e., Vis/N-doped TiO, and Vis/N-doped TiO,/H,O,
were identified by measuring water sample at the interval time
of 60 min.

To ensure that DCF degradation is entirely driven by the
photocatalytic processes, the experiments of DCF exposed to
hydroxyl peroxide (H,O,) in 3 h were investigated. The result
showed that no direct H,O, oxidation did take place for DCF.
A slight decrease of DCF concentration, however, occurred
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Table 1
processes.

Values of kinetic parameters for photodegradation of DCF by SMPR under Vis/N-doped TiO, and Vis/N-doped TiO,/H,0,

DCEF concentration (mg/L) Vis/N-doped TiO,

Vis/N-doped TiO,/H,0,

r (mgL~" min~") Kops (min~") R? R (mgL ™' min~") Kops (min~") R?
5 0.0023 0.0068 0.9997 - - -
10 0.0022 0.0045 0.9987 0.0059 0.0088 0.9729
20 0.0021 0.0035 0.999 0.0028 0.0088 0.9988
50 0.0009 0.0010 0.9817 0.0014 0.0021 0.9929
100 - - 0.0006 0.0007 0.9198
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Fig. 4 Pseudo-first-order kinetic plot of DCF Photocatalytic oxidation under varying DCF initial concentration by SMPR with
suspended N-doped TiO,, (a) Vis/N-doped TiO, process and (b) Vis/N-doped TiO,/H,O, process.

N-doped TiO, was revealed to be 40-80 nm (Fig. 2a and b).
The FTIR spectrum of N doped TiO, NPs was displayed in
Fig. 2c. As can be seen, N-doped TiO, NPs exhibited the
broad absorption band at around 3100-3500 cm™!, with the
peak appearing at around 3400 cm ™!, representing the stretch-
ing vibration of —OH groups. This was further corroborated
by another peak shown at 1621 cm™". The specific Ti—O bend-
ing vibration could be seen at 750 cm™'. The obvious peak at
1104-1350 cm ™! is affirmative for the N—H linkage, thus pro-
viding undeniable evidence for the successful formation of N-
doped TiO, NPs (Cheng et al., 2016).

Fig. 3 demonstrated the changes zeta potential values of the
N-doped TiO, upon different pH conditions. The pH,,. value,
which was determined based on the relationship between pHy
and pH;, was constant regardless of KCIl concentration,
solid/liquid ratio, indicating that the absence of monovalent
ions such as K, CI on N-doped TiO, surface at the given pH
magnitude. In this study, the pH,,. was at the pH value of
approximately 5, demonstrating that if the pH of the solution
is larger than pH,,,. the NPs likely exhibit positive charge and
vice versa. Generally, the point zero charge of TiO2 range
from pH of 5-6.6 (Kosmulski, 2002). The pHp,. (N-TiO,) of
this study was around 5. In the N-TiO, particles, nitrogen
atoms were substitutionaly introduced into oxygen sites of
TiO, lattice. Thus, the pHy,,. of N-TiO, was lower than PZC
of TIOZ

3.2. Kinetic of photooxidation of DCF under batch conditions of
SMPR

It is well recognized that the kinetic rate of a given compound
during a specific chemical process is largely governed by its ini-
tial concentration (Ito et al., 2005). In this study, the effects of
the initial concentration on the kinetic information of DCF
under photocatalytic reduction in two separate SMPR systems
i.e., Vis/N-doped TiO, and Vis/N-doped TiO,/H,0, were
examined using the different initial concentrations of DCF
varying from 5 to 50, and 20-100 mg L~' for Vis/N-doped
TiO, and Vis/N-doped TiO,/H,0, processes, respectively.
Other parameters such as pH, N-doped TiO, concentration
and H,O, concentration were kept fixed at the values of 6.5,
1 g L' and 15 mM, respectively. These given values were pro-
ven as the best operating condition for DCF removal efficiency
by SMPR under visible irradiation (the results are not shown).
The removal rate of DCF upon Vis/N-doped TiO, and Vis/N-
doped TiO,/H,0, processes at different initial concentrations
during 3 h of experiments were illustrated in Fig. 8a. As can
be observed, DFC was effectively eliminated in either hybrid
photocatalytic processes. This phenomenon was attributable
to the capability of N-doped TiO, particles to absorb visible
light to produce hydroxyl radicals (OH") (Ananpattarachai
et al., 2016), which can play an essential role in the degradation
of DCF. The photocatalytic Vis/N-doped TiO, process with
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the addition of H,O, could impose enhanced DCF removal
efficiency compared to that without H,O, (Fig. 8b), as evi-
denced by the steeper slope of Ln([DCF]/[DCF,)) of the for-
mer. It is due to the strong oxidation properties of H,O,
that can scavenge excited electrons of TiO, particles and con-
duction bands to generate hydroxyl radical and hydroxyl
anion (Eq. (1) and (2)) (Velegraki et al., 2006). As a result, this
phenomenon prevents the recombination of the electron (e7)
and hole (h ") (Achilleos et al., 2010), increasing the hydroxyl
radical and h* to react with DCF molecular. In addition,
H,0, can react with oxygen species to produce more hydroxyl
radicals (Eq. (3)) (Irmak et al., 2004). Moreover, H,O, adsorbs
on TiO, nanoparticles to form peroxo complexes between
H,0, and Ti*" ion that increases the adsorption capacity of
TiO, under visible irradiation (Zou and Gao, 2011). As a
result, more hydroxyl radicals (OH.) were formed that leads
to increasing DCF oxidation of hydroxyl radicals.

HzOz + '0_2 —OH + OH™ + 02 (3)

Numerous researches working on heterogeneous photo-
catalysis reported that the Langmuir-Hinshelwood kinetic
model (Eq. (4)) fitted well with the mineralization rate of var-
ious organic contaminants over illuminated TiO, photocat-
alytic oxidation. This kinetic model of use to quantify the
kinetic rate of the photocatalysis among two separated photo-
catalytic systems was based on the following equation:

k,KC;

=t 4
"=1TKC. 4)

where r is reaction rate, C, is reactant concentration on the cat-
alyst surface (mol/m°) in equilibrium with the bulk concentra-
tion, k, is the reaction rate constant (mol/m’/s), and K
represents  adsorption—desorption  equilibrium  constant
(m*/mol).

The kinetic constants (k.ps) were calculated from the

TiO, (¢e7) + H,O, — TiO, (h*) + 'OH + OH™ (1) pseudo-first-order equation (Eq. (5)).
_ _ [DCFy,
H202 + e ¢B —OH + OH (2) Ne—— e = 7k0bj-l (5)
[DCF‘}T.O
x104 (C)
3 296.02334
2.5
2
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1 ‘ 251.16353
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Fig. 5
chromatogram at 60 min; (b) at 120 min; (c) and at 180 min.

HPLC/MS/MS data showing the presence of DCF product degradation from the Vis/N-doped TiO, process; (a) mass
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Fig. 6 HPLC/MS/MS data showing the presence of DCF product degradation from the Vis/N-doped TiO,/H,O, process; (a) mass

chromatogram at 60 min; (b) at 120 min; (c) and at 180 min.

where ks is pseudo-first-order kinetic constant, [DCF]r, is
the total initial concentration of DCF, and [DCF]r is DCF
concentration at t time. For each experiment, ks was deter-
mined from the slope of the linear time course plot of Ln
(IDCFlr/[DCFlr.,).

At low initial concentration, our data showed a strong cor-
relation with the Langmuir-Hinshelwood model for both pro-
cesses (Vis/N-doped TiO, and Vis/N-doped TiO,/H>0.,).
However, the correlation i.e., R? tended to decrease at the con-
centration of 100 mg/L (Table 1). The plots of Ln([DCF]/
[DCF],) of DCF concentrations versus time for either process
exhibited the straight linear, of which the slopes upon linear
regression equations represented first-order rate constant Keps
first-order kinetic (Fig. 4a-b). The reaction rates (r) and kinetic
constants of different DCF concentrations from both the pho-
tocatalytic process with and without H,O, are shown in
Table 1. Results indicated that the reaction rates were consis-
tently reduced with the increasing DCF concentration regard-
less of photodegradation processes. For instance, the
photodegradation rate of Vis/N-doped TiO, systems continu-
ously dropped from 0.0023 to 0.0009 mg L~' min~! as the

initial concentration of DCF increase from 5 to 50 mg L.
Table 1 indicated a quantitative proof for the enhancement
of the photodegradation process upon the addition of H,O,.
Considering the similar range of the initial concentration from
20 to 50 mg L™!, Table | demonstrated that the mineralization
rate of DCF in Vis/N-doped TiO, increased for around two
times, relatively lower than that in Vis/N-doped TiO,/H,O,
i.e., more than three times.

3.3. Fate of the DCF decomposition byproducts under visible
irradiation photocatalytic processes

The water samples were withdrawn at each irradiation period
i.e., 60, 120, and 180 min for the analysis of the DCF products
by HPLC/MS/MS. The experiments were set up at the optimal
operational condition as described in Section 3.2, with the ini-
tial concentration of DCF being 20 mg L™, Compared to the
original chemical structure, the results indicated that DCF
was degraded into many different byproducts under the
photocatalytic oxidation processes. The m/z chromatogram
representative of DCF byproducts upon Vis/N-doped TiO,
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Fig. 7 The proposed photocatalytic mechanism for DCF degradation under Vis/N-doped TiO, process.

and Vis/N-doped TiO,/H,0, were depicted in Figs. 5 and 6,
respectively. The structural assignments of all detected product
breakdowns were based on analysis of the m/z molecular ions
peaks comparable to the standard ones. DCF and TOC removal
efficiency at the end of the reaction were 42.21 and 16.41%,
respectively for Vis/N-doped TiO, process and 79.55 and
30.47% for Vis/N-doped TiO,/H,0, process, respectively.
Based on the corresponding fragmentation patterns as well
as the DCF and TOC results, the degradation pathway of the
given micropollutants was suggested, as shown in Figs. 7 and 8
for Vis/N-doped TiO, and Vis/N-doped TiO,/H,0,, respec-
tively. Not only the similar degradation pathway but similar
byproducts formation were observed in either process. Firstly,
Figs. 7 and 8 suggested that either process could release the
hydroxyl group of the DCF to form a fragment at m/z of

278 g mol™"', which could further lose formic acid group pro-
ducing another fragment at m/z of 251 g mol~'. This sec-
ondary byproduct could form the tertiary chemical

compound associated with m/z of 215 g/mol by losing formic
acid and chlorine radical (Calza et al., 2006), decomposing
the pristine DCF i.e., m/z of 296 g mol~'. The second degrada-
tion route resulted in a fragment at m/z 173 g mol™', which
indicates that the cleavage of the C-N bond of DCF was split
into two parts by hydroxyl radical attack (Banaschik et al.,
2018). The formation of 2, 6-dichlorophenol and 4-
chlorocathecol are formed in one direction, while cathecol
and hydroquinone are formed by another (Michael et al.,
2014). The ion at m/z 137 g/mol produced a fragment at m/z
121 g mol ™!, though the loss of chlorine radical, and loses
the lateral chain (Banaschik et al., 2018). The third route of
DCF decomposition is to produce a chemical fragment at m/
z 235 g mol™! by releasing the carboxyl group (COOH).
However, the results indicated that some DCF products
were slightly different among the two processes (Vis/N-

doped TiO, and Vis/N-doped TiO,/H,0,). For example, in
Vis/N-doped TiO, process (Fig. 5), a fragment with m/z of
235 g mol ™" at the reaction time of 180 min was observed while
that was only appeared at a reaction time of 60 min, and the
peaks associated with the fragment was then disappeared at
a longer irradiation under Vis/N-doped TiO,/H,O, process
(Fig. 6). Other DCF products linked with m/z of 198 and
228 ¢ mol~! were formed at 120 min under the Vis/N-doped
TiO,/H,0,; process and disappeared at 180 min (Fig. 6), but
these products were not found in the Vis/N-doped TiO, pro-
cess. Besides, the former was shown to introduce some unique
chemical formulas associated with m/z of 228 and 198 g mol ™
by releasing two chlorine ions and forming the aldehyde
group. The result indicated that when reactive hydroxyl radi-
cals (OH) in the Vis/N-doped TiO,/H,O, process was domi-
nant, hydroxyl radicals easily reacted with DCF to form
aldehyde group and released chlorine ions. As a result, the
small molecules from the DCF photocatalytic oxidation from
the Vis/N-doped TiO, process were, 278, 251, 235, 215, 173,
137 and 121 g mol™!, and from the Vis/N-doped TiO,/H,0,
process, were 278, 251, 235, 228, 215, 198, 173, 137 and
121 g mol™" (Figs. 5 and 6).

4. Conclusion

The study provides insights into the kinetic rate and degrada-
tion pathways of the DCF micropollutants by photocatalytic
oxidation upon with and without H,O,. Results showed that
N-doped TiO, absorbed visible light for DCF degradation,
and the addition of H,O, with the Vis/N-doped TiO, photo-
catalytic process enhanced the DCF removal efficiency. The
degradation of DCF from both processes fitted well with the
pseudo-first-order kinetics. In addition, HPLC/MS/MS results
indicated that DCF degradation was found to follow the
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m'z 228

Fig. 8 The proposed photocatalytic mechanism for DCF degradation from the Vis/N-doped TiO,/H,O, process.

photocatalytic pathways leading to the intermediates of parent
pharmaceuticals, C—N bonding cleavage intermediates of red-
oxidation radicals of the photocatalytic process, and direct
decarboxylation, subsequently, the dechlorination and oxida-
tion products decrease via competitive routs. The study sheds
light on proposing the tentative mechanism of DCF degrada-
tion under different photocatalytic processes i.e., with and
without H,O,, and further works should be carried out to war-
rant the successful full-scale hybrid systems application for the
DCEF as well as other recalcitrant micropollutants.
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