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Abstract

Engineering of new heterogeneous metal-free catalysts is of great importance for
persulfate activation. Herein, Innovative conductive polymers Polyaniline (PANI) and
Polypyrrole (PPy) were used as promising catalysts for PS activation to effectively degrade
organic pollutants. In fact, PANI and PPy can provide the necessary electron transfer hased on
nitrogen atoms located in the conjugated chains compared to their counterparts in the
defective sites. in addition, PANI and PPy were immobilized inside membrane formed by cross
linking alginate biopolymer by divalent calcium fons, in order to develop a new stable hydrogel
beads catalyst. The prepared hydrogels-activated PS process could mainfain excellent catalytic
properties, mitigate catalysts deactivation, increased chemical §tabiiity and offer hope for
their application in the industrial scale. The radical scavenéing experiments monitored by the
electron paramagnetic resonance and functional theory calculations, indicated the role of the

PANI and PPy conjugated chains and the nature of the reaction pathways.

Keywords: Conductive polymers; hydrogel beads; metal-free catalysts; persulfate (PS)
activators.



1. Introduction

The increasing concern about the environmental pollution and the run out of fossil fuel
energies have urged researchers to seek renewable energy sources, new methods and
functional materials for the pollutants removal [1-3]. Conventionally processes (e.g.
adsorption, flocculation, membrane filtration and biological treatment, etc.) have been
employed for the treatment of wastewater contaminated by organic pollutants. However,
those already mentioned technologies suffer from some drawbacks mainly related to their
low removal efficiency or to their non-destructive nature, generating hence secondary
pollution (sludge formation). Advanced oxidation processes (AOPs) were demonstrated as
powerful techniques to produce highly reactive oxygen species (ROS) from various
superoxides for their uses in the toxic organic pollutants degradation [4,5]. Sulfate radical-
based advanced oxidation processes (SR-AOP) are becoming more and more popular due to
their advantages, such as their redox potential (2.5-3.1 V vs NHE) which is higher than the
hydroxyl radical (OH*, 1.9-2.7 V vs NHE), their high stability, their longer half-life (30—40 ps)
and their wide operating pH range (3-9). Most often SO4* is generated by the activation of
peroxymonosulfate (PMS) or persulfate (PS) [6,7]. Various activation methods were used for
the PS activation including heat process, UV irradiation, transition metals, and ultrasound [8].
In particular, PS activation using transition metal-based heterogeneous catalysts (Co, Fe and
Mn) has received wide attention due to the resulted good catalytic performance for rapid
decomposition of a wide range of contaminants and their recyclability [8]. However, these
metal-based catalysts suffer from certain drawbacks such as their poor stability and their
secondary pollution induced by the inevitable metal leaching during the catalytic process,
limiting hence their use on an industrial scale. In recent years, metal-free catalysts, have taken
attention of worldwide scientists due to their various applications from catalysis for energy
production, as well as pollutants degradation, to energy storage. As an alternative, metal-free
carbon based catalysts (carbocatalysts) such as graphene oxide [9], reduced graphene oxide
[10], nanodiamond [11] and graphitic carbon nitride (g-C3Na) [12], were widely studied as
promising catalysts for PS and PMS activation. It is noteworthy to note that the unique
properties of metal-free carbocatalysts (e.g. large surface area, high catalytic activity, superior
biocompatibility and high stability, etc.), make these materials promising candidates for the

AQPs applications. According to the experimental (Table S1) and the theoretical data reported



in the literature, heteroatoms (e.g., N, S and P) could activate the inert carbon framework by
increasing the charge density of adjacent carbon atoms, promoting hence the interaction
occurring between the catalyst and the PS which results in the cleavage of the O-O bond in
the PS [7,13-15]. Importantly, nitrogen-doped carbon based materials have attracted broad
interest, as catalysts which substantially alter the catalytic oxidation from a radical process to
a non-radical pathway in PS and PMS activation towards efficient organic pollutants
degradation [6,16]. In fact, nitrogen-doped carbon materials are synthesized by heat
treatment of carbon-based materials in the presence of nitrogen precursors or by doping them
during the synthesis procedure [17-19]. However, the synthesis of N-rich carbocatalysts is
challenging due to the thermal instability of the desirable nitrogenous species (pyrrolic,
pyridinic, and graphitic N). In addition, a smaller amount of nitrogen species in the
carbocatalyst can lead to poor catalytic efficiency, preventing hence the practical applications
of such catalysts [16,18]. Polyaniline (PANI) and polypyrrole (PPy) are nitrogen-containing
conducting polymers and they are qualified candidates for several reasons. Firstly, PANI and
PPy are typical electrically conductive polymers, and their conjugated chains can provide the
necessary electron transfer. Secondly, as the nitrogen atoms are located in the conjugated
chains, they are more stable than their counterparts in the carbocatalysts defective sites
[20,21]. However, there are still has some drawbacks, such as catalyst recovery after reaction
remains a major problem. To overcome these problems, the encapsulation of these
conducting polymers in polysaccharide hydrogel beads is an effective approach to enhance
their separation ability, to maintain their intrinsic properties and to preserve their long-term
stability. Thus, as a continuation of our research efforts in designing and preparing sustainable
catalysts for PS activation towards water decontamination, we report in the present work, the
development of nitrogen-rich metal-free catalyst based on PANI and PPy encapsulated in
alginate beads. The aim of the work is to synergistically combine the merit of each individual
component in order to achieve the PS activation for the degradation of orange G (OG)
pollutant present in water. The characterizations of the synthesized materials were carried
out by various methods such as Fourier Transform Infra-Red spectroscopy (FTIR), X-ray
Photoelectron Spectroscopy (XPS), nitrogen adsorption/desorption, Scanning Electron
Microscopy (SEM), Energy Dispersive Spectroscopy (SEM-EDS), Transmission Electron
Microscopy (TEM) and Streaming Induced Potential (SIP). Further, the influence of various

parameters including catalyst dosage, oxidant dosage and pH value, were investigated and
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discussed in detail. The mechanism of the PS activation was also investigated using probe

reagents and Electron Paramagnetic Resonance (EPR).

2. Experimental section

2.1. Chemicals reagents

Aniline and pyrrole monomers were purchased from Sigma Aldrich and distilled before their
uses. Ammonium persulfate (APS, (NH4)2520s), sodium hydroxide (NaOH), hydrochloric acid
(HCI) (37 %), sodium azide (NaNs), tert-butanol (TBA), ethanol (EtOH), sodium persulfate (PS,
Na2S5,0s, 99%), sodium alginate, orange G (OG), bisphenol A (BPA), sulfathiazole (STZ, 99%),
and rhodamine B (RhB), were provided by Sigma-Aldrich and were used as received. The pH
values of the solutions were adjusted by using HCl and NaOH standard aqueous solutions

(Merck Millipore).

2.2.  Preparation of polyaniline and Polypyrrole

The polyaniline (PANI) was prepared following a simple polymerization method
consisting in the use of common oxidation of the aniline monomer with a known ratio
(aniline/APS). In short, 1 ml of monomer aniline was dissolved in 30 ml of HCl water solution
(0.1 M), then 20 ml of HCI water solution (0.1 M) containing the APS was added dropwise, and
the resulting mixture was stirred, at room temperature, for 24 hours. Finally, the black product
was collected by vacuum filtration, washed several times with distilled water and absolute

ethanol, and then dried at 60 °C in a vacuum oven for 6 hours.

The Polypyrrole (PPy) was prepared using easy polymerization process based on the
oxidation of the pyrrole monomer with a known ratio (pyrrole/FeCls, 6H,0). Hence, 1 ml of
the pyrrole monomer was first dissolved in 30 ml of distilled water solution, and then 20 ml of
distilled water solution containing FeCls, 6 H,O was added dropwise to the pyrrole aqueous
solution. Subsequently, the resulting mixed solution was stirred at room temperature for 24
hours. Finally, the product was collected by vacuum filtration, washed several times with
distilled water and absolute ethanol. Finally, the obtained product was dried at 60 °C in a

vacuum oven for 6 hours.



2.3.  Synthesis of the core (PANI or PPy) — shell (alginate—calcium) beads:
PANI@AIg and PPy@Alg

Particles with the core (PANI or PPy)-Shell (alginate-calcium) used in this work were
prepared according to the following protocol: 500 mg of alginate powder was dissolved in 100
ml agitated for 4 hours, then 500 mg of PANI or PPy was added to the mixture and left to
stir for 3 hours. In addition, CaCl, solution (0.1 M) was placed in a crystallizer and kept under
low agitation. The preparation of the hydrogel beads was assured by mixing both solutions of
polymers/alginate and CaCl,, the preparation of beads was performed drop to taste using a
pump. However, when each droplet of the alginate solution was placed in contact with the
Ca?* ions, a core (PANI/PPy)-shell beads (alginate and Ca?*) was then formed after incubation
for several minutes (Fig. $1). As shown in Fig. S1, the beads were black and homogeneous with
a uniform spherical shape, and the core-shell structure was clearly shown in the optical image.
Finally, the beads were washed several times with distilled water and stored in a watery
medium.

2.4, Characterization

The chemical structures of materials were studied by infrared spectroscopy using a
Shimadzu 4800S operating in the transmission mode. The FTIR spectra were recorded in the
range of 400-4000 cm™ at a resolution of 32 cm™. All the spectra were obtained after an
accumulation of 92 scans. Measurements of micro-Raman spectra were performed on a
Raman spectroscopy system (DXR™ 2, Thermo Fisher Scientific) in the range of 300-1800 cm-
1 with a 532 nm wavelength incident laser light. The X-ray diffraction spectra of the prepared
materials were collected on a PANalytical MPD X'Pert Pro diffractometer operating with Cu
Ko radiation (A= 0.15418 nm). The X-ray Photoelectrons Spectroscopy (XPS) was carried out
by using XPS VG SCIENTA, Model SES-200. The surface morphologies of the different materials
were observed by using Scanning Electron Microscopy (SEM, FEI, model Quanta 400) and
Transmission Electron Microscopy (TEM, Philips CM 200). The in situ electrostatic behavior of
different systems were assessed by evaluating the solid surface electrical potential (Streaming
Induced Potential, SIP) through the use of Miteck PCD 02 apparatus [22].

2.5.  Catalytic Activity Evaluation

The catalytic activity of the prepared materials was evaluated by activating the PS for
the OG degradation. Thus, in a typical test, 50 mL of OG aqueous solution (50 mg L) was
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continuously agitated with 0.2 g/L of catalyst for a contact time of 35 min to avoid confounding
effects of adsorption. Then, the catalytic reaction was initiated by adding 4 mM of PS into the
mixture. During the test, aliquots were withdrawn from the reaction medium at given time
intervals, then filtered through a 24 um syringe filter before their analyses. In order to identify
the reactive oxygen species generated in the catalytic reaction, amounts of radical scavengers
such as ethanol (EtOH) and tert-butyl-alcohol (TBA), were added in the reaction medium to
trap SO4* and HO®, respectively. In addition, sodium azide (NaNz) was used as quencher for
10,. It should be noted that the experimental tests were performed in duplicate or triplicate,
the mean values of the measured parameters were determined, and their error bars were
assessed, and they were represented in the corresponding graphs.

2.6. Analytical Methods

The OG concentration was analyzed by UV-Vis spectrophotometer (6705 UV/Vis JENWAY)
at wavelength of A=478 nm. In order to study the mineralization of the pollutants, the total
organic carbon (TOC) was measured using TOC-L SHIMADZU analyser. Electron Paramagnetic
Resonance (EPR) measurement was carried out on a Bruker EMX-plus X-band spectrometer to
detect the reactive oxygen species generated during the PS activation. The N-tert-butyl-a-
phenylnitrone (PBN) was used as a spin-trapping agent for SO4* and HO® and 2,2,6,6-
tetramethyl-4-piperidone (TEMP) as a spin-trapping agent for 0. The points of zero charges
(PZC) of the PANI and the PPy, were determined by the salt addition method according to the
method described by Tahira et al., 2011 [23]. Suspensions of 0.2 g of PANi and PPy catalysts
were put into contact with 40 mL of NaNOs (0.1 M). Then, the pH of the suspension was
adjusted to an initial pH value ranging between 2 and 10, by using HNO3 (0.1M) and NaOH
(0.1M) aqueous solutions. The mixtures were stirred for 24 h (to ensure homogenization of
the suspension) at 250 rpm until the pH was kept constant. All the experiments were

performed in a thermostated vessel at (20 + 0.2 °C).
The Computational methodology (DFT) has been shown in the Text S1 Supplementary

Material.



3. Results and discussion

3.1.  Physicochemical Structures

The XPS analysis was performed to study the elemental composition and the
chemical state of the as-prepared PANI and PPy. The XPS survey spectra of PANI and PPy are
displayed in Fig. 1a. As can be seen in this figure, the XPS survey of PANI shows the presence
of carbon (C1s), oxygen (O1s, OKLL), nitrogen (N1s) as well as sulfur (S2p, S2s). The XPS survey
of PPy shows the presence of the characteristic peaks of carbon (Cls), oxygen (O1s, OKLL),
nitrogen (N(1s) and Cl2p Fig. 1d. The presence of chlorine in the surface of PPy indicates the
positively charged PPy, which was balanced by the CI- anion. In addition, the presence of
oxygen atoms in PANI and PPy should probably result from certain adsorbed impurities on the
polymer surface (e.g., adsorbed CO; and small molecules). The C 1s spectrum of PANI (Fig. 1b)
can be deconvoluted in four peaks centred at, 288.02, 286.49, 285.15 and 284.32 eV, which
are attributed to C = O, C-0, C-N / C=N and C-C / C-H bonds, respectively [24]. The Nis
spectrum of PANI (Fig. 1c) was fitted into four component peaks centred at 401.99, 400.72,
399.58 and 398.34 eV, which are due to the presence of species such as imine -NH,*-, amine
with a positive charge =NH*-, benzoic amine -NH- and quinoid imine =N-, respectively [25].
Regarding the XPS analysis of PPy, The C 1s spectrum of PPy (Fig. 1d) can be deconvoluted into
three peaks at binding energy of 287.86, 285.45 and 284.95 eV, corresponding to, the C-O,
C-N and C-C bonds, respectively [26]. The deconvolution of N 1s spectrum of PPy (Fig.1e)
shows three peaks centred at binding energy of 400.78, 400.03 and 398.25 eV, corresponding
to nitrogen bond =N-, nitrogen neutral pyrrole bond (-N-H-), and positively charged nitrogen

bonds =N% / C-N%, respectively [26].
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Fig. 1. (a,d) XPS survey spectrum of the PANI and PPy, High-resolution XPS spectra of (b) Cls
of PANI; (c) N1s of PANI; (e) C1s of PPy and (f) N1s of PPy

The morphologies of PANI and PPy materials were studied by SEM and TEM analyses
as displayed in Fig. 2a-d. The SEM images of PANI (Fig. 2a,a’) reveal the presence of irregular
and spherical nanometric particles. On the other hand, the SEM micrographs of PPy (Fig. 2b,b’)
show spherical shape and narrow size distribution consisting of nanoparticles with a mean size
of about 50 nm. The TEM images of PANI (Fig. 2c,c’) show completely featureless, highly
disordered and completely amorphous material. These findings are in very good agreement
with the powder X-ray diffraction data. In the case of PPy, the TEM analysis shows agglomerate
spherical particles (Fig. 2d,d’). To investigate deeply the structural, as well as the chemical
functionalities of the prepared catalysts (PANI and PPY), we carried out FTIR analyses, as
shown in (Fig.2e). For the FTIR PPy spectrum, the characteristic bands centered at 1550 and
1461 cm™, were attributed to the C=C stretching and C-N vibrations in the PPy ring [27]. The
bands at 1310 and 1175 cm™ are attributed to the C—H bond, in the vibration plane and out
of the vibration plane of the PPy ring, respectively. In addition, the band centered at 905 cm™
is attributed to C—N asymmetric stretching. The bands located at 1041 and 785 cm™ are
attributed to N-H wagging [26]. The FTIR PANI spectrum shows many bands including 1550
and 1496 cm™, which are attributed to C=C stretching vibrations of quinoid and benzenoid

rings, respectively. The bands at 1301 and 1150 cm™ are due to the C-N stretching of



secondary aromatic amine, whereas the characteristic band at 1123 cm™is due to C-H in
plane bending of the aromatic ring, and out-of-plane C-H deformation of disubstituted
benzene ring appearing in 805 cm™, The overall FTIR data give further evidence for the success
of the polymerization reaction of the aniline [28]. To get further information on the catalyst
structures, the Raman spectra of PANI and PPy were measured and they are depicted in Fig.2e.
As can be observed in figure, the PPy spectrum shows certain peaks centred at 1578 and 1323
cm™ which are due to, C=C backbone stretching and antisymmetric C—N stretching,
respectively, whereas the peak at 1053 cm™is attributed to the deformation in the C—H plane
(polarons). The vibration mode at 971 cm™ corresponds to the out-of-plane C—H deformation
of the quinoid form. In addition, the Raman PANI spectrum (Fig. 2f) shows main characteristic
peaks, centred at 1167 cm™ (C—H bending of the quinoid ring), at 1257 cm™ (C-H bending of
the benzene ring), at 1339 cm™ (C-N stretch), and both bonds at 1501 cm™ and 1597 cm™
due to C—C stretch of the benzene ring [29]. The N, adsorption—desorption isotherms of the
starting samples PANI and PPy are shown in (Fig. S3a), and they were measured at -196 °C,
after degassing the samples at 80°C during 24 hours. The calculated BET surface areas of PPy
and PANI polymers are, respectively, 50 m?/g and 15 m?/g. As can be observed in Fig. S3a,
open hysteresis loops were observed for all samples and it is more pronounced for the PPy
sample. Such open hysteresis loop appears to be typical to the slit pores morphology, while
the micropores are cylindrical, confirming hence the fact that the opening of the hysteresis
loops seems to be related to the "slit" shape of the mesopores (Table S2). Fig. S3b show the
XRD spectra of the PANI and PPy catalysts. The diffractogram of PANI shows two peaks centred
at 26=20.15° and 26=25.75°, corresponding to the periodicities parallel and perpendicular to
the polymer chain, respectively. This result indicates the amorphous nature of the PANI
sample [29]. On the other hand, the XRD pattern of PPy shows a broad peak centred at 20=25°
which is due to the (002) Bragg reflection of the PPy chains [30].
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3.2. Characterization and Mechanism of the core (PANI or PPy) — shell (alginate-
calcium) beads formation: PANI@AIg and PPy@Alg

3.2.1. Characterization of hydrogel beads

The preparation of PANI or PPy/Alginate beads (PANI@Alg and PPy@Alg) were
confirmed by FTIR spectroscopy and SEM analyses. Thus, as can be seen in Fig.3a, the FTIR
spectrum of alginate beads displayed peaks around 1037, 1515, 1625 and 3330 cm™ which
are attributed to -C-O-C- binding and -COO- (symmetric), -COO- (asymmetric) and stretching
of O-H, respectively [31]. After encapsulation of PANI in alginate matrix, new peaks appeared
corresponding to the FTIR PANI spectrum and a new peak appeared in the region of 1715 cm’
1 due to the asymmetric stretching of the -COO- alginate groups. This peak, which specifies
the ionic bond, shows a large shift towards higher values with a decrease in intensity. In
addition, the protonated -NH2*- amine groups of PANI replace the alginate sodium ions,
modifying hence the charge density, the radius and the atomic weight of the cation [32]. On

the other hand, the PPy@Alg spectrum (Fig. 3b) shows the respective characteristic peaks of
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the PPy polymer and the alginate matrix. In addition, the -COO- peak of alginate was shifted,
as resulting from the electrostatic interaction of these groups with the polarized amine -NH*
belonging to PPy. The overall FTIR results confirm that the PANI and PPy conducting polymers
were successfully introduced onto the Alginate surface [33].The SEM analysis coupled with
the EDS mapping was performed to study the morphologies and the chemical composition of
the PANI@AIlg and the PPy@Alg beads. Hence, the SEM images of the beads (Fig. 3c-d) show
that the PANI and PPy polymers were immobilized inside a layer formed by alginate and
calcium ions, allowing the construction of the spherical beads. In addition, the Mapping
images confirm these results. As can be observed in Fig.3c-d, the calcium ions are
concentrated on the surface of the beads. In this way and in order to highlight the bead
structure. the electrostatic interactions occurring at the particle surface were assessed by

determining the Streaming Induced Potential (SIP).
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Fig. 3. FTIR spectra of Alginate, PPY and PPy@Alg (a) Alginate, PANI and PANI@AIg (b); SEM
images and Mapping of the prepared beads PPy@Alg (c) and PANI@AIg (d)

3.2.2. Investigation of the various Interactions occurring in the hydrogel beads

The electrostatic interactions occurring between various systems, such as PANI, PPy,
alginate and Ca?* were studied. The SIP results show high electrostatic interactions between
PANI/alginate and PPy/Alginate systems. Therefore, the chemical process of formation of

these beads has been detailed using the following successive titrations:

» Titration 1 (Fig. 4a): Titration of an alginate solution (5 g L'!) with Ca?* ions (0.1 M). The
titration shows a strong electrostatic interaction occurring between the carboxylic groups of
the alginate and the Ca?* ions. In the absence of Ca%*ions, a SIP value is about -442 mV for the
alginate. Afterward the addition of Ca* ions, the SIP value decreased and reached a plateau

value in which the SIP=0mV.

e Titration 2 (Fig. 4a): Titration of an alginate solution (5 g L'!) by PANI and PPy (5 g L™%). Fig.
4a indicates high electrostatic interactions between alginate/Ca%* in comparison to the
alginate/PANI or to the alginate/PPy systems. The normalized SIP values, reached at the
plateaux for alginate/Ca?, alginate/PANI, and alginate /PPy systems, are SIP =-0.1, SIP=-0.39,
and SIP=-0.3, respectively.

e Titration 3 (Fig. 4b): Titration of a mixed solution ofkeither PANI@Alg (ratio 1/1) or PPy@Alg
(ratio 1/1), with CaCl, (0.1 M). For this purpose, the titration of PANI@Alg and PPy@Alg
systems by CaCl, was started at the end of the alginate/PANI and the Alginate/PPy titrations.
The results show important electrostatic interactions leading to low normalized SIP values and
indicating stronger interactions occurring in the ternary systems (Polymer@Alginate/Ca?*), in
comparison to the binary systems (Alginate/Ca’* or Alginate/Polymer). Note that the
electrostatic interaction occurring at alginate/polymer interface results mainly from the
interaction between the hydrogen bound to nitrogen in the polymer chain and the alginate
carboxylate groups, as depicted in Fig. 4c. On the other hand, complexation reaction occurs
between alginate carboxylate groups and the calcium divalent cations. Furthermore, the
difference in the behaviours observed in Fig. 4a between PANI and PPy towards the alginate
surface charge screening, results likely from the difference in the polymer specific surface area

and/or the polymer PZC value. Thus, both PANI and PPy are less negatively charged than
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alginate, however, PPy having higher surface area and PZC values as compared to PANI, seems
to be more surface charged.
From the above SIP results, it can be concluded that there are important electrostatic

interactions occurring between alginate, calcium ions (Ca?*), PANI and PPy, leading hence, to

the formation of the core-shell structure. Therefore, the core made of PANI or PPy, and coated

with alginate shell cross-linked by calcium ions (Fig.4c).
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3.3. Catalytic OG degradation

The catalytic activities of the prepared materials were evaluated for the PS activation
towards the OG degradation. As displayed in Fig. 5a, when the PANI and PPy were used alone,
the removal of OG is less than 20% and 16%, respectively, confirming hence the negligible
physical adsorption of the OG molecules on the polymer surface. For a heterogeneous
catalytic reaction, the adsorption of OG on the surface of PANI and PPy is a preliminary step.
The adsorption kinetic was studied in order to elucidate the adsorption mechanism. After 35
min of adsorption reaction, the stabilization plateau is reached indicating that the active sites
are saturated (Fig.S4a). The value of adsorption capacity was calculated to be 61.5 and 45 mg
g for PANI and PPy, respectively. In addition, when PS was used alone (without catalyst), only
5% of OG removal was achieved in 30 min by direct oxidation, indicating that the OG dye was
difficult to oxidize by PS alone without using catalyst. However, when PS and the prepared
catalysts (PANI or PPy) were combined, the degradation efficiency of OG was 100%, in 30 min
for PANI, and 35 min for PPy. These results indicate that PANI and PPy have excellent catalytic
activities for the PS activation to produce active species with a strong oxidative capacity for
the decomposition of the aromatic organic pollutants (such as OG) into small molecules until
their final mineralization to carbon dioxide (CO;) and water (H20). It should be emphasized
that the structures of the conductive polymers used in this study are rich in nitrogen and have
stable N sites, which can provide a good and durable active site towards the PS activation. In
addition, the higher electronegativity of nitrogen atoms (xN = 3.04) compared to carbon atoms
(xC = 2.55) gives greater electron transfer capacity, and increases the charge density of
adjacent carbon atoms, which promote interaction between catalysts active sites rich in
electrons and persulfate molecules to produce reactive oxygen species [34].The catalytic
activity of PANI and PPY were also compared with some common heterogeneous metal-based
catalysts including FesOs, Co30a. The results show low efficiencies of FesO4 and Co304 catalysts
compared to PANI and PPy. Moreover, these materials have obvious metal ions leaching in
solution, which is considered as a secondary pollution that can influence water quality [35—
37]. Furthermore, the catalytic activities of PANI and PPy were also evaluated for the PS
activation towards removal of others organic contaminants such as RhB, STZ and BPA. As
shown in Fig. 5b, the degradation rate of most pollutants can surpass 80 % within 60 min.

Accordingly, both PANI and PPy catalysts investigated in the present study can promote the
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decomposition of the PS to generate active species for the oxidation of wide range of organic
pollutants. In order to evaluate the catalytic activities of catalysts in realistic conditions, both
PANI and PPy were studied for PS activation towards OG degradation in river water (RW). As
shown in Fig.5¢c, the degradation rates of OG in RW were 81 and 78% for PANI and PPy,
respectively. The negative impact for OG removal in RW medium could be attributed the high
levels of chloride ions (CI) and the presence of organic matter, which would limit the catalytic
performance. The total organic carbon (TOC) is important parameter in the evaluation of the
organic pollutants degradation, because the spectroscopic methods cannot detect
intermediates formed after degradation. As shown in Fig. S4b, the TOC removal reached
values of 74, 78, 47 and 53%, for PANI, PPy, PANI@Alg and PPy@Alg, respectively. The
obtained results suggest that these materials have excellent catalytic performance to

efficiently transform and mineralize OG into CO; and H0.

After encapsulation of both PANI and PPy with alginate to form PANI@Alg and
PPy@Alg beads. The degradation efficiency of OG can reach 95% within 120 min for PPy@Alg,
and about 150 min for PANI@AIg (Fig. 5d). In this case, the diffusion process of OG molecules
inside the membranes of beads becomes difficult, and the presence of negatives functional
groups on alginates (-COOH and OH) act as donors towards some positive active nitrogen sites
of PANI or PPy. Therefore, the time of removal of OG increased from 35 min to 120-150 min.
However, encapsulation of prepared catalysts by this biopolymer can improve their chemical

stability as well as their separation ability.

15



1_0..»5, "O“PANl/BPA 100 B3 vecoloraation {7 7}10¢ Removal
—@— PPy/BPA
—3—PPy/RhB 5
0818\ ——PANYRIB § 60
Ay O PANISTZ § 40
0.6 —&— PANI —@— PPY o 0.6+ ' 20
(8] —@—PANIPS  —&— PPy/PS 4
D M‘f{:\ﬂ“ C0304/PS o F6304/PS IS ‘PANI/RNE FPy/RRB PAKI/EPA PPy/EPA PANISTZ PPY/STE
0.4+ \l \-v»\ 0.4-
P T
0.2 0.2+
0.0 r T T T T T v 0.0 r T T T o
0 5 10 15 20 25 30 35 0 10 20 30 40 50 60
(c) Time {(min)
1.04 —@— PANI/PS/RW 1001 TJroc memenst [ Joscotarsston
\ —O—PPy/PS/RW 80 54
0.8 \ —o—Blan(PaN) = "
A\ —&— Blan (PPy) 3
€ 40 -
aQ
00.6' o 20 OO 6 e PS
L . 9 } ~o— PPy@Alg
A 0.4- PANI@Alg  PPy@Alg A 0.4 L"\g —&— PPy@AIlg/PS
’ : i —&— PANI@AIlg
—&— PANI@AIg/PS
0.2 0.2 N
0.0 : : T . — 0.0 ' T T T : T 2
0 5 10 15 20 25 30 35 0 20 40 60 80 100 120 140
Time (min) Time {min)

Fig. 5. Degradation of OG: with PANI and PPy(a); Degradation of BPA and RhB: with PANI and
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3.4. Effect of Experimental Parameters

Fig. 6 shows the important factors affecting the degradation efficiency of OG including
catalyst dose, PS concentration, OG concentration, initial pH of solution and reaction
temperature. The linear relationships between In ([PS]), In ([OG]), In ([N-PC]) and In (kapp) were
established. As shown in Fig. 6a-b, when the dose of PANI and PPy increase from 0.10 to 0.40
g/L, the degradation efficiency of OG is significantly enhanced, as justified by the linear
increase in Kapp. This positive effect was due to the generation of more active sites in PANI or
PPy used to activate PS, thus, producing more reactive species including SO4* and OH®, which
significantly increase the OG degradation efficiency. In the same way, when, the concentration
of the PS increases from 2 to 8 mM, the OG degradation rate increases linearly. In fact, as the

persulfate amount increases, the degradation reaction becomes faster, since PPy and PANI
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catalysts have sufficient interactions with S,0s%, which favour the generation of radical species
to degrade OG. However, a negative correlation between the Kapp and the OG concentration
was obtained as shown in Fig. 6a-b. This fact could be related with the low amount of radicals
available with regard to the high pollutant concentration. As reported from previous studies,
the initial pH of solution can greatly affect the processes of PS activation [7]. Therefore, the
development of metal free catalysts for high PS activation over a wide pH range is of great
importance. As shown in Fig. 6¢, the performance of both PANI/PS and PPy/PS systems is not
pH dependent and suggested that the process can function within a wide pH range from 3 to
9. In fact, the acidic pH facilitates the protonation of nitrogen species present on the polymer
catalyst surface resulting hence in a positive charge on the surface of the material which will
facilitate the interaction occurring between the positively charged catalysts and the negatively
charged PS (S208%)[7]. The pHpzc value was determined by the projection of the ApH = pH¢ -
pHi on pHj, as a result, the PZC is the pH at which ApH is zero. As shown in Fig. 6d, the PANI
and PPy catalysts show pHpzc of 5.75 and 6.12, respectively. The obtained results are in
agreement with the previous reported data [39,40]. Both PANI and PPy surfaces are positively
charged when the pH solution was equal to 5.21, due to the chemical amine groups
protonation, promoting hence high electrostatic attractions between the negative charges of
0G, as well as the PS and the positively charged PANi and PPy surfaces. In addition, the
decrease in degradation rate at pH 3.15 is due to the stabilization of H * ions with SO4* or
S208% to form HS20s or HSO47, which limit the generation of SO4* radicals. In alkaline medium,
excess amount of OH™ jons compete with the negatively charged anionic species (0G, SO4*
and S$;0s%) resulting in the decreased degradation rate of OG. The effect of reaction
temperature was also studied for the catalytic reactions PPy/PS and PANI/PS, to determine
the activation energy of OG degradation. Since the rates of the catalytic reactions were found
to have positive effects on the OG degradation at elevated temperatures (Fig. S5a,b). The
reaction temperatures selected for the experimental tests are 25 °C, 35 °C and 45 °C. The
relationship between the rate constant and the reaction temperature are shown in Fig. S5.
The activation energy (Ea) calculated from Arrhenius equation for the OG degradation was
found to be equal to 28.7 ki mol™ for the PANI/PS system and 24.15 kJ mol*for the PPy/PS
system. Moreover, the Ea value calculated in this study was lower than those reported

previously (Table S3).
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3.5. Reactive Oxygen Species (ROS) Analysis and Activation Mechanisms

Radical scavengers experiments were performed in order to identify the main reactive
species in the reaction system. The different scavenging reagents used are ethanol (EtOH),
tert-butyl alcohol (TBA), sodium azide (NaNs). EtOH (a-hydrogen) is highly reactive towards
SO4'and OH" radicals. The reaction rate of (OH*) (k = (1.2 - 2.8) x 10° M s1) and (SO4*") (k =
(1.6 - 7.7) x 10’M™ s1) [16,18]. Regarding t-BA, it reacts with a reaction rate of up to 1000
times with OH*® (k = (3.8 - 7.6) x 10%) than SO4" (k = (4.0-9.1) x 10° M? s1), so it was used
primarily to trap OH* in an efficient manner [18,28]. For non-radical species, NaNsis used as
an excellent quencher of '0,, [14, 34, 43]. As shown in Fig. 7a,d, in all systems, the OG
degradation rate of the catalytic system did not decrease significantly with the addition of
TBA, indicating that HO® did not contribute significantly to the removal of OG because of their

relatively low contents in the reaction system. However, the addition of EtOH in reaction
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system decreased the degradation of OG from 100% to 76%, 71%, 65% and 67% for PPy, PANI,
PPy@Alg and PANI@AIg, respectively. These results indicate that SO4" are the preponderant
reactive species for the OG degradation. On the other hand, the addition of low concentration
of NaNs to the reaction system inhibited the degradation of OG significantly. This indicates
that the non-radical pathway (10,) was predominant in the reaction system. Our data are in a
good agreement with the reported works in the literature showing that non-radical processes
can occur during the activation of PS by carbonaceous materials doped with nitrogen atoms
[41,42,44]. The obtained results confirm that S04 and 0, were the main reactive species in
all systems, and the degradation of OG was achieved by both radical and not radical pathways.
Electron Paramagnetic Resonance (EPR) was applied as a powerful tool to further probe the
generation and revolution processes of the main reactive species. PBN was used as the spin
trapping reagent to directly detect the production of SO4*~ and *OH and TEMP were used as
spin trapping agents to trap the '0;[16,18]. As shown in Fig. 7e,f, the EPR results provided
evidences of the presence of PBN-SO4*~ and PBN-OH* adducts in characteristic signals and
revealed that both radicals were generated. When TEMP was used as the spin trapping agent,
an obvious typical three-peaks signal with equal intensity was observed, which assigned to
TEMP-10,. The results indicate that 102 might be the dominant reactive species responsible

for OG degradation.
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Fig. 7. Radical quenching results by using EtOH, TBA, and NaNs as scavengers in (a)PANI/PS,
(b)PPy/PS, (c)PANI@AIg/PS et (d)PPy@Alg/PS. (Experimental conditions: [Catalyst] =0.2 g L-
1 [0G] =50 mg L%, [PS] =4 mM, [EtOH] = [TBA] =1 M, [NaNs] = 0.05 mM). (e,f) EPR spectra
using PBN and TEMP as the spin-trapping agents

The mechanism of the degradation process remains questionable and it should be
elucidated in the future. However, when the carbon matrix catalyst is nitrogen doped, a non-
radical mechanism can appear and plays the main role during the catalytic reaction [14,47].
The stability of the nitrogen atoms in the catalyst structure is a very important parameter for
catalysts during the catalytic activation of PS. It should be noted that the loss of nitrogen sites
is generally considered to be one of the reasons for the decrease in stability and deactivation
of N doped carbon materials. Therefore, the stable N sites in both PPy and PANI polymers can
provide good platforms in long-lasting catalytic reactions. The SEM images (Fig. S6a-b) of PANI
and PPy after the catalytic reaction remain almost the same and comparable to fresh
polymers, indicating that ,the catalyst is not altered after the OG degradation reaction. Also,
the FTIR analysis (Fig. S6¢c-d) demonstrates the stability of the PANI and PPy catalysts, as there
is no change in the peaks of the two polymers after their uses. These results prove that the
PANI and PPy catalysts are stable. Based on these results, the possible mechanism of
activation of PS by the two conductive polymers PANI and PPy can be proposed as shown in
Fig. 8a. Regarding the activation of PS by PANI (Fig. 8a), it was expressed by radical and non-
radical routes, as confirmed by the obtained results of radical scavenging experiments and
EPR analysis. Since the nitrogen electronegativity is greater than that of carbon (xN =3.04 Vs
XC = 2.55), the $20g* will be adsorbed on the Nsites, by interaction occurring between the
positively charged carbon domains and S;0s>, and a reactive complex will be produced by
intramolecular electron transfer, facilitating hence the O-O bond cleavage. Further, the
hydrogen atom transfer occurring in the polymer backbone, leads the $;0s*to liberate the
SOs*radical, and converts the -NHy*—/ -NH- bond to =NH*- / =N- (Eq. 1). Although the
reaction occurring between H20 molecules and the SO4*"species could be responsible for the
production of OH* (Eq.3). In addition, the conjugated PANI system can promote the electrons
transfer to sites such as =NH*-/ =N- with higher transient oxidation state, and these sites, in
turn, can react with $;08%to produce reactive radicals. Note that one of the most reactive
species in the catalytic reaction, 10, can come from a non-radical species in the decomposition

of PS (Eqg. 1,3,4,6,7 and 8). Similarly, the activation of PS by PPy has been expressed by radical
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and non-radical pathways (Fig. 8a). In fact, PPy having a very high conductivity and
characterized by rapid charge mobility, as well as strong affinity towards the PS, which
promotes the electrons transfer. This polymer is also characterized by pyrrolic N (~-NH-) group
which attracts the electrophilic species of PS and facilitates electron transfer. Moreover, the
pyrrolic N (-NH-) group of the PPy has an electron pair, and higher electronegativity, than that
of carbon, thus allowing cleavage of the O-0 bond of S;0s% and producing reactive species.
Note that the PPy conjugate system can cause electron transfer to =N%/=N- with a higher
transient oxidation state, then these sites can react with S;0s% to produce SO4*and OH* (Eq.
2,3, 5, 6,7, and 8). The adsorption of the PS on the pyrrolic N will lead to electrons exchange
occurring between the adsorbed PS and the catalyst active sites, thus inducing a non-radical

pathway.

Based on the catalytic activity results, the possible mechanism of PS activation by
PANI/PPy@Alg alginate beads can be proposed as depicted in Fig. 8b. As shown below, the
persulfate activation efficiency by both polymers will be depleted after surface coatings with
alginate cross-linked with calcium ions; this will limit the diffusion of PS to the polymer active
sites. The surface coating of polymers by alginate cross-linked with calcium ions will then
reduce the electrons transfer due to lacking between the N conjugate atoms and S,0s% for
PANI@AIlg and the pyrrolic N/PS for PPy@Alg. Finally, all these radicals and non-radicals
released will attack the organic pollutant molecules and will lead to a series of very
complicated processes, such as rearrangement, cleavage of the C-C bond, dehydrogenation

for decomposition of organic molecules into CO; and H,O.

Radical pathway

PANI: —-NHz*~/-NH- +5,08% > =NH*-/=N- + SO;*" + SO4* Eq. (1)
PPy: —NH- +5,05% - =N%/=N- + SO4™ + SOs* Eq. (2)
SO4* + H20 > SO + OH® + H Eq. (3)

Non-Radical pathway

PANI: =NH*—/=N- +5,08% + 20H" = —~NH2*—/-NH- + 2504 + 0" +2H* Eq. (4)
PPy: =N5%/=N-+5,05% + 20H > -NH- + 2504* + 02" +2H* Eq. (5)
02" + H,0 - HOO*+ OH- Eq. (6)

0," + HOO"® - HOO'+ 10, Eq. (7)
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HOO' + HOO® = H,0,+ 10, Eq. (8)

(a) A Non. (b)

Fig. 8. Mechanism of the PS activation, on the PANI and PPy polymers (a); on the PANI@Alg
and the PPy@Alg beads (b)

3.6.  Separation, Stability and Reusability

The separation after use and the stability of the catalysts are the crucial factors in the
practical environmental applications. These two problems may occur in the use of metal-free
materials in the activation of persulfate for the degradation of organic pollutants. Therefore,
to solve these problems we have prepared catalysts in the form of alginate beads to facilitate
their separation after each cycle of use. In addition, we have followed the efficiency of the
organic pollutant elimination after each of the five cycles used. Additionally, we have
measured the mass losses for various catalysts: PANI and PPy alone, and PANI@AIlg and
PPy@Alg beads. As shown in Fig. 9a-b, after five cycles of reuse, the catalytic efficiency
decreased slightly to 67 and 62% for PANI and PPy respectively, whereas no decreases in the
catalytic efficiency were observed by using PANI@AIlg and PPy@Alg catalysts. The catalytic
efficiency decreases of PANI and PPy polymers, after five cycles of reuse, may be attributed to

the catalysts surface and structural changes, including loss of N atoms, adsorption of
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intermediates during degradation of organic molecules and coverage of active sites on the
catalyst surface. However, PANI@AIg and PPy@Alg beads have efficient reusability during the
five cycles, as shown in Fig. 9a-b. These results show that the catalysts in the form of the beads
are more stable than the polymers alone, as resulting from the large structure of the beads,
the ease of beads recovery from solutions and the decrease in the loss of N atoms after coating
PANI and PPy with the complex of alginate and calcium ions. The new prepared hydrogel beads
catalysts are stable, efficient, eco-friendly, easy to prepare, recyclable and thus have potential
for industrial applications. Furthermore, after five cycles of liquid (OG) / solid (catalysts)
filtration, the mass recovered were found to be: 0.135 + 0.001 g/L, 0.140 £ 0.001 g/L, 0.240
0.001 g/L and 0.245 * 0.001 g/L, for PANI, PPy, PANI@AIlg and PPy@Alg, respectively. These
results indicate that the alginate maintains very significantly the catalyst recovery, in
comparison to the of the PANI and PPy alone (Fig.S7). Practically total recoveries were

obtained in the case of PANI@AIlg and PPy@AIlg catalysts.

(a) PANI PANI@AIlg
1.0; Cycle1 ® 1.0 Cycle 1 %
Cycle 2 Cycle2
Cycle 3 100 0.84 Cycle 3 Cycle 4
0.8 4 Cycle 4 Cycle 5 ¢ Cycle s
X 80
0.6
Uo 0.6+ E -§ 60 Uo i
B 3 S
0.4 4 ® 0.4 4
. en 40 1
b g o3
ENg 0.2 ¢
0.2 5 2
3
0.0% y y y ’ ' o 000 e as0 o0 780
0 3 60 9 120 150 1 2 3 4 5 3 '
Time (min) Cycle number Time {min)
(b) PPy PPy@Alg
1.01 Cycle 1 cvel 2@ 2‘
Cl
vele Cyce3 | 100 Cude3 |
0.8+ Yl \eycle 5 YEE R cycle s
® 80
<
o 06 § -
L 5 B & L
5
© 0.4 . 8 ©
" b wo 40
: 1)
\ g
0.2 \, 2
0.0 Ay + v v v T 0 4 0.0 Ly ¥ + T T T
0 30 60 90 120 150 1 2 3 4 5 0 120 240 360 480 600
Time (min) Cycle number Time (min)
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3.7. DFT Calculations

In order to find a correlation between the electronic distribution of the studied
monomers and their catalytic efficiency by using PS as an activator, parameters in terms of
chemical descriptors were calculated based on the geometrical optimization of studied
molecules (e.g. the energy of the highest occupied molecular orbital (Evomo), the energy of the
low unoccupied molecular orbital (ELumo), energy gap (AE), hardness (), electronegativity (x),
and electrophilicity (w)). The values of the obtained parameters are shown in Table 1 and the

frontier molecule orbital density are presented in Fig.S8.

Table 1. Electronic parameters of studied monomers PANI and PPY obtained by DFT/B3LYP
6-31g(d) calculations

Enomo Erumo AE n w Eintgev)
Catalyst with
(eV) (eV) (eV) (eV) (eV) (eV) 2
5208
PANI -4.9408 -2.69257 2.248232 1.124116 3.816681 0.357784 -1.68342

PPY -4.88712  -0.0366 4.850521 2.425261 2.461859 0.067359 -1.07941

In this part of the paper, various calculated parameters were assessed to elucidate the
PS interaction with both studied molecules models (monomers of PANI and PPy). In fact, the
high values of Enomo indicate the ability of the molecules to donate electrons. On the other
hand, the lowest unoccupied molecular orbital energy values, Eiumo indicate the capacity of
the molecule to accept the electron [48,49]. From Table 1 we can clearly see that the PANI
and the PPy show negative ELumo values, indicating, the charge transfer from PS to the polymer
surface which proceeded easily from PPy (-0.0366eV) to PANI (-2.69257eV) during adsorption
processes, according to the Frontier Molecule Orbital (FMO) theory of chemical reactivity [50].
Besides, the gap energy AE=Eiumo—~Enomo is relayed to the polarizability and the reactivity of

monomers, This parameter AE is found here to decrease in the order, PPy > PANI, reflecting
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more affinity of the negative charge from the PS towards the PANI as compared to the PPy the
polymer’s surfaces.

The higher activation energy of PANI compared with PPy can be also explained by using
The Hard-Soft—Acid—Base theory (HSAB). Generally, the less negative HOMO energy and the
smaller energy gap for a given molecule result in stronger chemisorption binding [51]. The
HSAB classifies reactive species as relatively “hard” or “Soft”, based on polarizability, that is
the ease with which electronic density can be displaced or delocalized to form new covalent
bonds [52]. The softer molecules, with lowest n value, are more reactive than the hard
molecules having high n value, because they require a higher energy for molecular excitation
[53]. From Table 1, it was observed that the chemical hardness (n) decreases from PPY to PANI
which explains the highest activation energy of PANI. Other descriptors such as electrophilicity
(w) and electronegativity (x) represent the electron pulling power of molecules and allow us
to predict the reactivity of species to give or accept an electron. Therefore, the molecules with
the lowest electronegativity values having the ability to easily give electrons and vice versa to
molecules with high electronegativity values [54]. The obtained electronegativity and
electrophilicity values of both monomers were presented in Table 1. However, the descriptors
(w) and (x) present high values for both catalysts, with a high value for the PANI as compared

to the PPY, which explains the ability to accept the PS negative charge in their surfaces.

The interaction energies (noted Eint) calculated according to D.C. Young [55] by using
Eq (9) was also investigated. According to Table 1, the interaction energy calculated for both
complexes PANI-S;0g% and PPY-S,0s* show negative values, thus indicating the spontaneous
adsorption process of PS on their surfaces (Fig. 10). In addition, the slight difference between
the two interaction energies of the two complexes indicates an additional affinity of PS on the
PANI surface as compared to PPY.

Eint = Ecatatyst/ps — Ecatalyst — Eps Eq (9)

Where, Epg is the total energy of the PS atom, Ecatalyst is the total energy of the PANI or PPY
compounds and Ecatalyst/ps represents the total energy of the new system formed between the

compounds studied and the PS.
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Fig. 10. Interaction Energies between the catalysts and the PS

4. Conclusion

In summary, conductive polymers such as Polyaniline (PANI) and Polypyrrole (PPy)
were used as novel heterogeneous metal-free catalysts for their uses in the wastewater
treatment. These polymers offer an effective new strategy to develop traditional metal-free
catalysts for ecological sanitation and have excellent characteristics such as their stable N
sites. The EPR spectra and the DFT calculations have further consolidated the role of N groups
in the catalytic PS activation. Further, their conjugated chains prevent their structure
oxidation, likely to occur during both the radical and no-radical catalytic reactions, generating
the main reactive species such as SO4* and 'O, toward degradation of organic pollutants.
Therefore, in the present work we have developed stable and separable metal-free catalysts
based on PANI and PPy polymers. The overall data have shown that PANI@AIg and PPy@Alg
core-shell beads have excellent catalytic property for organic pollutants degradation. The
approach used in this work provides an innovative method for the new prepared hydrogel
beads catalysts, which are stable, efficient, eco-friendly, easy to prepare, recyclable and thus

have potential for industrial applications.
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