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ARTICLE INFO ABSTRACT

In this study, we report the synthesis of magnetic electron-rich CP@Fe3;0, (Conjugated Polymer (CP) = TCTA-
PVP-bipyridine) by hydrothermal method. For this aim, the Fe3O, nanoparticles were incorporated into pho-
toactive TCTA-PVP-bipyridine based Conjugated Polymer. The photo-redox abilities of CP@Fe;0, and bare CP
were tested for oxidation of methylene blue and reduction of Cr(VI) under UV-visible light and visible light
(A > 420 nm). The CP@Fe30, showed a good ability for performing the Fenton-like reaction by adding H,O as
oxidizing agent. Additionally, reveals high photocatalytic reduction ability of Cr(VI) for CP@Fe30,4 in compare
with bare CP. Furthermore the photocatalytic antibacterial ability of CP@Fe30, towards E. coli and Pseudomonas
Aerogenosa in water was studied. The obtained CFU reduction efficiencies were found about 85% and 90% for E.
coli and P. Aeruginosa, respectively. Interestingly the collecting and recyclability of CP@Fe30, after photo-
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catalytic reactions were done easily due to its magnetic property.

1. Introduction

The quality of surface and groundwaters influences directly all as-
pects of humankind.

Industries are most likely the main source of discharged con-
taminated wastewaters with varying types of toxic compounds in-
cluding organics, heavy metals and microorganisms. Therefore, water
pollution and its treatment has become the most serious concern and a
challenging task for the public authorities and industrial world [1]. Due
to the huge urbanization and industrialization growth, which is asso-
ciated with large wastewaters discharged into the environment that
overloading the ecosystem, the European Water Framework Directive
(WFD) has classified chemical substances into two main categories,
namely ‘Black List’ that includes all highly toxic and non-biodegradable
chemicals; and ‘Grey List’ which involves chemicals that can cause a
serious risk to the ecosystem. For clean environment, contaminated
industrial wastewaters must be properly treated at the source before
discharging them into the environment. The adequate treatment of
industrial wastewaters requires usually the combination of different
processes because of the complicated nature of such contaminated
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waters. The choice of the specific treatment processes mainly depends
on several parameters such as the nature and concentration of pollu-
tants in wastewaters, less secondary-waste formation, the simplicity of
set-up and cost, the treatment efficiency and so on.

Over more than three decades, heterogeneous photocatalysis for
water remediation has traveled an extended path of technological de-
velopment [2,3]. Photocatalysis system has the competence of con-
tinuous oxidizing or reducing a wide range of pollutants in water
without producing any toxic secondary waste. Since the efficiency of a
photocatalytic treatment system for a targeted contaminated water is
directly related to the characteristics of the used photocatalyst, many
efforts have been made at a blistering rate aiming to develop novel
photoactive materials with better physical and optical characteristics
for real-world applications [4,5].

For the sake of enhancing the visible light response (VLR) of pho-
tocatalytic materials (i.e., TiO5), band gap engineering was the cor-
nerstone of photocatalytic materials science, therefore, an extensive
research has been reported regarding the synthesis of VLR materials
through many approaches such as metal and non-metal doping [6-8],
dye sensitizing [9,10], semiconductor heterojunction photocatalysts
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[11,12] and combination of photocatalysts with carbonaceous mate-
rials [13,14]. Apart from that, the appropriate use of photocatalyst
(supported or suspended in water) for real wastewater treatment has
been widely discussed in the literature [15]. Briefly, it was deduced that
the dispersed photocatalysts exhibit higher photocatalytic efficiency
compared to supported photocatalysts because the immobilized pho-
tocatalyst suffers from the low surface area, low irradiated surface and
less mass transfer. On contrast, the need of costly post recovery of
suspended photocatalyst from water after the treatment is the main
issue due to the small sized particles. Therefore, such a trade-off be-
tween the high efficiency and the hard recovery of suspended particles
must be investigated. For better controllability and easy recovery of the
photocatalyst suspension, many studies have been reported on the ex-
ploitation of magnetic materials in water remediation [16-19]. Sus-
pended powder-like magnetic photocatalysts can be easily gathered
after the treatment via the use of external magnetic field, which indeed
facilities the regeneration of the photocatalyst and its reuse. Besides, on
top of the magnetic propriety and high stability of Fe;0,, it can be also
itself photocatalyst to produce reactive oxygen species (ROSs) or elec-
trons under light, or it can catalyze some reactions (i.e., Fenton reac-
tion, Electro-Fenton) [20-23]. On the other hand, some reports men-
tioned that the introduction of Fe;O, to some semiconductors (i.e.,
TiO,) can result in better e”/h™ charges separation and VLR [24]. In
this study, magnetic Fe;04 was introduced into the electron-rich pho-
toactive TCTA-PVP based conjugated polymer (CP) for better recovery
and synergistic photocatalytic effect. The photocatalytic ability of
magnetic CP@Fe;0,4 was tested for different types of pollutant that
usually exist in wastewaters such as Cr(VI) reduction, methylene blue
degradation and for the inactivation of two types of common bacteria in
wastewaters (E. coli and Pseudomonas Aeruginosa (PA)) that are known
as major faecal contaminant in water purification systems as well
[25,26].

2. Experimental section
2.1. Synthesis and characterization of materials

TCTA@PVP based conducting polymer (CP) was synthesized by
heat polymerization of Tris(4-carbazoyl-9-ylphenyl)amine (TCTA), PVP
and 4, 4’-bipyridine at 70 °C until the color of the mixture changed to
orange. The obtained mixture was dried at 90 °C for 48 h and was
calcined at 250 °C for 1 h for transformation of the prepared gel to solid
blocks.

Fe;0,4 nanoparticles were synthesized by hydrothermal method
[17]. A desired amount of Fe;Cl-6H,O was dissolved in 50 mL of
deionizd water, and sonicated for 30 min at room temperature. The
mixture was transferred into a sealed, Teflon-lined autoclave and was
heated at 180 °C for 6 h. After cooling the mixture to room temperature,
the powder was washed several times with distilled water and dried at
60 °C for 12 h.

CP@Fe304 was synthesized via the introduction of Fe30,4 particles
into the CP orange mixture, and the drying and calcination procedures
were continuous. The ratio of CP:Fe;0, (g/g) was 8:2.

Materials were characterized by UV-vis Diffuse Reflectance
Spectroscopy (UV-DRS), Scanning Electron Microscopy combined with
Energy Dispersive Analysis of X-rays (SEM-EDAX), X-ray diffraction
(XRD), X-ray Photoelectron Spectroscopy (XPS), Thermogravimetry
Differential Scanning Calorimetry (TG-DSC). Cyclic Voltammetry (CV)
and Linear Sweep Voltammetry (LSV). TG-DSC was performed on non-
calcined photocatalyst samples (the samples after the polymerization
were dried at 90 °C for 48 h and then the powder was directly subjected
to TG/DSC analysis) using TG/DSC Mettler Toledo from room tem-
perature to 600 °C with a heating rate of 10 °C/min under N, atmo-
sphere.
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2.2. Photocatalytic experiments

The photocatalytic activities of synthesized materials for degrada-
tion of methylene blue dye solution, reduction of hexavalent chromium
and inactivation of Escherichia coli (E. coli) and Pseudomonas Aeruginosa
(PA) in water were studied. PLS-SXE300 Xenon lamp light
(PerfectLight) equipped with a quartz UV cut-off filter (. > 420 nm)
was used for the irradiation. The photocatalytic experiments for MB or
Cr(VI) removal were carried by mixing 0.25 g/L of the photocatalyst
with MB or Cr(VI) solutions under visible light. Aliquots of solution at
certain time interval were taken and filtered, and the analysis of Cr(VI)
and MB concentrations determined by UV/Vis spectrophotometry at
540 and 662, respectively.

The photocatalytic antibacterial activity of CP@Fe30,4 composite
was evaluated against the Escherichia coli and Pseudomonas aeruginosa.
Purified gram-negative bacterial strains were obtained from the Key
Laboratory of Environmental Nanotechnology and Health Effects, CAS,
Beijing. The LB broth was used to refresh the culture for further ap-
plications in antibacterial tests. The photocatalytic antibacterial activity
of Fe30,@CP against both gram negative bacteria was validated
through viability of bacterial cells by spread plate method. The spread
plate method shows the number of colony forming units (CFU) on plate
counter agar. The photocatalytic inactivation of bacteria was evaluated
by mixing, in 20 mL test tubes, 20 mg of CP@Fe3;04 with 15 mL of LB
broth and 1 mL of each type of bacteria having 1 x 10’ CFU mL™ . LB
broth contains 10 gL.~! of peptone, 5 gl.”* of yeast extract and 10 g/L
gL~ ! of NaCl. Then, test tubes were shacked using Tube Swing Rotary
Shaker under PLS-SXE300 Xenon lamp light irradiation (300-1100 nm)
at room temperature. Similar test tubes under light without photo-
catalyst were used as controls. After 2 and 4 h, 200 pL aliquots were
aseptically taken out to spread on agar plates. Finally, all the spread
agar plates were incubated at 37 °C for 14 h and then the number of
bacterial colonies was counted to obtain the CFU reduction efficiency in
broth solutions.

3. Results and discussion
3.1. Characterization of materials

In this study, Fe3O4 nanoparticles were incorporated into CP plat-
form for synthesis of CP@Fe30,4 with an enhanced photocatalytic ac-
tivity and easily separation and recyclability. Fig. 1 shows SEM, EDAX
mapping images and EDX spectra of CP@Fe30, composite. According
to Fig. 1a, SEM image reveals Fe;0, nanoparticles incorporated. In
addition, the agglomeration of Fe;04 nanoparticles on the platform of
CP is visible in EDAX mapping images. The EDX spectra of Fe;0,@CP
composite (Fig. 1g) confirms presence of C, N, O and Fe in its structure
and confirms its successful synthesis.

XPS analysis of CP, Fe30, and CP@Fe;0, are shown in Fig. 2. The
high-resolution Cls spectrum of bare CP shows three bands at 284.81,
286.52 and 288.42 eV corresponding to C—C/C=C, C—C/C=C—N/
C—0 and C—C—N/N*=C—0-, respectively. Cls spectrum of CP@Fe30,
exhibits the same bands as CP spectrum. However, the observed band at
288.42 eV was shifted to 287.31 eV in CP@Fe30,4 along with an en-
largement in the band, which could be due to the contribution of
C—0O—Fe bonding. The high-resolution Ols spectrum of bare Fe;O4
shows a single peak centered at 530.4 eV that is associated to Fe—O.
While, high-resolution Ols spectrum of CP@Fe30O,4 shows a peak at
531.2 eV resulting from the combination of Fe—O and Fe—O—C. The
Fe—O—C bonds can be formed as a bridge between CP and Fe304 [27].
High-resolution N1s spectra of CP and CP@Fe30,4 show one peak at
around 400 eV due to C—N in CP platform bonds N—C=0, N—C=N and
N—(C)s. High-resolution Fe2p spectrum of Fe304 exhibits two distinct
peaks for Fe2p3,, and Fe2p, /, corresponded to Fe;04 species. However,
the incorporation of Fe;0,4 nanoparticles into FCP was confirmed with
EDAX mapping images, the intensities of Fe2p peaks were very weak in
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Fig. 1. (a) SEM image of CP@Fe30,4 composite; (b), (c), (d), (e) and (f) are EDAX mapping of mixed elements, C, N, O and Fe, respectively for CP@Fe3;04 composite;

(g) EDAX spectrum of CP@Fe;0,4 composite.

CP@Fe304 which is due to the coverage of most of Fe;O,4 particles by
CP layer.

The XRD patterns of Fe;04 and CP@Fe3;0,4 (Fig. 3a) showcase dif-
fraction peaks corresponded to pure magnetite Fe3O4. Thermo-
gravimetry (TG) and Differential Scanning Calorimetry (DSC) spectra of
CP and CP@Fe30, are shown in Fig. 3b and c, respectively. TG and DSC
analysis (heated from 30 to 600 °C) were performed on non-calcined CP
and CP@Fe;0,4 samples to check the effect of calcination on the thermal
stability of samples. TG curves show two main stages of mass loss. The
first one between 80 and 200 °C is attributed to the removal of organic
solvent and physically/chemically bounded H,O accompanied by a
small mass loss of about 12% and 4% for CP and CP@Fe30,, respec-
tively. The second stage was occurred in the temperature range of 370
to 440 °C associated with a DSC endothermic peak at around 410 °C
which is due to the decomposition of PVP, causing a total mass loss of
91.90 and 57.4% for CP and CP@Fe30,, respectively.

Fig. 3d and e displays cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) of CP and CP@Fe30,, respectively. It can be seen
from the results of CV that the addition of Fe30,4 to CP platform has no
effect on the onsets of oxidation and reduction potentials. However,
LSV curve of CP@Fe30, shows two-step pathway which could be due to
the enhanced electrocatalytic activity and better oxygen reduction re-
action (ORR) [28]. UV-DRS spectra of photocatalyst samples are shown
in Fig. 3f. Clearly, the introduction of Fez0,4 into CP platform results in
better visible light response.

The photocatalytic ability of CP@Fe304 was tested for the reduction
of Cr(VI), oxidation of MB and inactivation of E. coli and PA in water.
For comparison, the photocatalytic efficiency of bare Fe304 was eval-
uated for Cr(VI) reduction under UV-visible and visible light

(> 420 nm) irradiations (Fig. 4a). The adsorption efficiency of bare
Fe30,4 towards Cr(VI) solution was found as 8% within 60 min. In terms
of Fe30,/UV-visible and Fes;O,/visible systems, the reduction effi-
ciency towards Cr(VI) solution with initial concentration of 20 mgL_1
and pH = 4 was observed as 21% and 12%, respectively. However, the
addition of tartaric acid as ROSs and hole scavenger to these two latter
systems enhanced the photocatalytic reduction of Cr(VI) species to 80%
and 37%, respectively. The results suggest that the Fe;0,4 nanoparticles
can be photoexcited and produce e~ and h*. The reduction potential of
the conduction band of Fe30, is not able to reduce O, to Oy~ species,
hence two-step reduction occurs for reduction of O, to H>O, followed
by formation of ‘OH on the conduction band [29]. Direct reduction of
Cr(VI) species can happen by photogenerated electrons on the con-
duction band, meanwhile, the presence of tartaric acid as a scavenger
for positive hole and reactive oxygen species (ROSs) results in better
electrons generation with longer life. Fig. 4b shows the photocatalytic
reduction of Cr(VI) by CP@Fe30,. According to the results inserted in
Fig. 4b, the reduction efficiency of CP@Fe30, is much higher than bare
Fe30,4 under UV- visible and visible lights which is attributed to the
high photoactivity of CP@Fe30,4. Under UV-visible light, 52% of Cr(VI)
solution was reduced using CP@Fe;0,4 within 60 min, while a total
reduction was found at 30 min using CP@Fe30,4/TA. Under visible
light, 30% and 65% of Cr(VI) solution within 60 min were reduced by
CP@Fe304 and CP@Fe30,4/TA systems, respectively.

These reduction reactions are carrying out with the following pro-
posed mechanism. CP can absorb visible light and produces both elec-
trons and ROSs. Unlike Fe;04, most of ROS (O, —, H,0, and "OH),
which affect the reduction of Cr(VI), can be obtained via single or
multi-step reduction of dissolved O,. Furthermore, O, can compete with



R. Djellabi, et al.

Separation and Purification Technology 250 (2020) 116954

&\CP@H&

—CP
i ——Fe304
—— CP@Fe304

>-N
C-0O
CP
v v v v v v I v v M
280 282 284 286 288 290 292 528 530 532 534 536 538
Binding Energy (eV) Binding Energy (eV)
(c)
N1s ol
—— CP@Fe30y|

e T W
v L v L) 1 1] v L v v L] LJ
394 396 398 400 402 404 406 408 705 710 715 X 72_0 725 730 735 740
Binding Energy (eV) Binding Energy (eV)

Fig. 2. High-resolution Cls, Ols, N1s and Fe2p spectra of materials.

Cr(VI) species to consume photogenerated electrons on the conduction
band of CP.

To investigate this point, an experiment was carried out for reduc-
tion of Cr(VI) solution under visible light using CP@Fe30, in saturated
N, atmosphere without tartaric acid. As showed in Fig. 4b, a total re-
duction of Cr(VI) was found within 60 min. This suggests the partici-
pation of O, to consume photogenerated electrons and produce ROSs

(b)

which inhibit the reduction of Cr(VI). Additionally, 'OH can be pro-
duced also from h* of Fe;0, particles in CP@Fe30, composite. The
Charges transfer between CP and Fe30, is likely to happen, wherein,
the transfer of photogenerated electrons from the conduction band of
CP platform, which contains electron-rich TCTA with high reduction
potential (LUMO level of TCTA is 2.48 V at pH 7), to the conduction
band of Fe;0, is possible, likewise the positive holes can be transferred
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Fig. 5. (a) CFU reduction efficiency of CP@Fe304 towards E. coli and PA under UV-visible light. (b) and (c) images of agar plates after incubation at 37 °C for 14 h for
E. coli and PA, respectively.

s\ Felyely

uolua4-010yd
Klanodal onaubely

e

-l TCTA-based CP Fe;0,

Fig. 6. Mechanism of photocatalytic degradation of organic pollutants, Cr(VI) reduction and bacteria inactivation by CP@Fe30,. In the presence of H,O,, CP@Fe304
can catalyze Fenton reaction.




R. Djellabi, et al.

from the valence band of Fe304 to CP platform. The electrons of CP
transfer to Fe;0,4 and reduce Fe(III) to Fe(II) species, as a result, the Fe
(II) can reduce Cr(VI) directly.

Recycling tests for photocatalytic reduction of Cr(VI) with CP@
Fe30, were performed to check the stability of composite material
(Fig. 4c). To avoid the loss of photocatalyst mass during multi-sam-
pling, the concentration of Cr(VI) solution was measured only once
after 60 min. The results revealed that after five cycles of reduction
process, the reduction efficiency of CP@Fe304 composite decreases
partially.

The photocatalytic oxidation of MB solution under visible light by
pure CP and CP@Fe30,4 was carried out and the results are showed in
Fig. 4d. Obviously, pure CP showed better degradation of MB compared
to CP@Fe30, composite. It seems that pure CP is more active under
visible light than CP@Fe30, to produce ROSs under these conditions.
Even with such slight decrease in the efficiency of MB degradation,
CP@Fe30, is more recommended for real-world wastewater remedia-
tion because of the easy recovery and recycling. On the contrary, in the
presence of 10~° M of H,0,, CP@Fe;04 showed better MB oxidation
than pure CP. Herein, photo-Fenton reaction catalyzed by Fe;0, may
take place for producing more ROSs as shown in Fig. 6. As above-
mentioned, the transferred electrons from photoexcited CP to Fe3;0,4
resulted in the reduction of Fe(IIl) to Fe(II) species, which in turn Fe(II)
reacts with the added H,0, to generate "OH radicals. It is important to
point out that Fe;0, itself could contain a little amount of Fe(II) ions on
its surface, which can react directly with H,0,.

The photocatalytic antibacterial activity of CP@Fe30,4 was checked
for the inactivation of two types of bacteria i.e., E. coli and Pseudomonas
Aeruginosa (PA). Liquid solutions containing E. coli or PA were sub-
jected to photocatalytic treatment under UV-visible light. Control ex-
periments under UV-visible light without photocatalyst were carried
out as well. Afterward, samples after 2 and 4 h were collected and
spread on agar plates, and then these agar plates were incubated at
37 °C for 14 h. The results of CFU reduction efficiency are shown in
Fig. 5a. CFU reduction efficiency using CP@Fe30, under UV-visible
light was around 85% and 90% for E. coli and PA, respectively. The
results of plate test (Fig. 5b, ¢) showed a significant inhibition of bac-
teria in broth solution using CP@Fe30,4 under UV-visible, while, in-
tense growth in control plates (without photocatalyst) which further
evidences the inhibition of growth was due to generated of ROSs species
by CP@Fe30,4 under light.

The inactivation of bacteria is occurred by photogenerated ROSs
such as O," ~, h™, "OH and H,0,. It was reported that ROSs with longer
lifetime are more efficient for the inactivation of bacteria, unlike the
oxidation of organics [30]. ROSs with longer lifetime are able to da-
mage the bacteria by bursting and collapsing of bacterial membrane
and cells. Therefore, H;O, and O," —, might be more efficient than "OH.
H,0, can be produced via the reduction of O," ~ by photogenerated
electrons in CP@Fe30, system. Besides the toxic effect of E. Coli or PA,
these species are considered as major faecal contaminants in water
purification stations and main contributor for biofouling in membrane
systems [26,31].

4. Conclusions

Soft-magnetically recoverable photoactive CP@Fe3;04 showed ex-
cellent photocatalytic activity for Cr(VI) reduction, MB oxidation and
bacteria inactivation. Also, the incorporation of Fe304 in CP platform
facilitates the recovery of the photocatalyst after the water treatment
via the application of an external magnetic field. In terms of photo-
activity, CP@Fe30,4 showed an excellent photocatalytic reduction of Cr
(VI) compare to bare CP and Fe3;04 under UV-visible and visible light.
The incorporation of Fe30,4 into CP resulted in lower oxidation of MB
compared to bare CP. However the CP@Fe;04 was more efficient in
presence of H,0, than bare CP, due to the Fenton reaction achieved by
the Fe(Il) produced via the reduction of Fe(Ill) of Fez04 by
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photogenerated electrons coming from CP platform. Interestingly the
CP@Fe304 composite showed very good photocatalytic antibacterial
activity against E. coli and Pseudomonas Aeruginosa in water. Based on
the obtained results, CP@Fe30, composite, can be used as an efficient
photocatalyst for water remediation and disinfection in wastewater
treatment.
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