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Abstract

Efficient generation of '02 nonradical species from S205*” (PS) is demonstrated during
heterogeneous catalysis systems based on the use of new Nitrogen and Sulfur doped carbons
(NC, SC and NSC), as prepared by direct carbonization of polyaniline/palythiophene polymers
at 800 °C. Complete organic molecules degradations were achicved with high mineralization
rate (~70%) for all systems, over a wide pH range (2.6~9.5) in the presence of PS.
Interestingly, the synergistic effect occurring between the N-Graphitic and the S-Thiophenic
sites, modulates the surface electron density toward basic carbon structure (N~4.76 at. % and
S~3.87 at, %, with Sper~251 m* g'!), leads to increases of the adsorption abilities and the
reaction rale constant (from 0.076 to 0.338 min™'), and boosts the carbocatalyst' stability. Our
discovery sheds new light on new systems promoting the Fenton-like oxidation process by 'O»
nonradical species, it may be a long-lasting sustainable environmentally strategy for water

remediation,
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1. Introduction

In the wastewater treatment, the advanced oxidation processes (AOPs), as compared to the
traditional physical, biological and chemical technologies, were found to be adequate and more
efficient, for the organic pollutants removal [1]. The use of the persulfate-Based Advanced
Oxidation Processes (SR-AOPs) in the wastewater treatment, is more promising, due to the
high decomposition capacity to radicals of these chemical compounds [2-5]. In fact, sulfate
radicals (SO4™7), which are generated from the peroxymonosulfate (PMS) or the persulfate (PS)
activation, during the catalytic process, are more selective than hydroxyl radicals (OH"), as
resulting from their higher oxidation potential (SO4™~ 2.5-3.1 V vs OH’ 2.7 V), and their longer
half-life (30-40 ps) in organic pollutants degradation, leading hence to better mineralization of
the pollutants to CO2 and H,O [3,6-9]. In addition, the PS could be activated by various
approaches such as catalysis by transition metal ions, heating, UV irradiation, metal oxides and
carbonaceous materials (carbocatalysts) [10—16]. Carbocatalysts or metal-free catalysts such as
carbon nanotubes, graphene and porous carbon have received lot of attentions in recent years,
due to their high surface area and their high adsorption capacity. These carbon materials are
synthesized through simple pyrolysis processes, and carry large amounts of oxygen-containing
functional groups, which were also involved in the adsorption of contaminants and PS
activation [17,18]. Then, the carbocatalysts can effectively hinder the formation of potential
secondary contaminants that may result from toxic metals leaching [2,3]. In addition, metal-
free catalysts synthesis are recognized as cheap and environmentally friendly protocols
[10,12,13,19-21]. On the other hand, carbon based materials are known by their catalytic
activity which can be further improved by the doping process with heteroatoms [12,13,20,22—
28]. Doping carbon matrices with heteroatoms (i.e. N, S, B, P) is simple and feasible strategy,
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allowing hence point defects creation, and leading to carbocatalysts having higher adsorption
capacity and catalytic performance [29]. It should be noted that the dopant having higher
electronegativity, in comparison to carbon, can change the electronic distribution, and the
chemical inertia, of the carbon matrix [29]. In particular, the co-doping with many heteroatoms
(example N, S) can lead to a synergistic effect which results from the multiple electronic
distributions appearing in the carbon matrix [23-25,29-31]. In addition, several experimental
and theoretical studies in the literature, have shown that the co-doped carbocatalysts exhibit
better catalytic performance, than those singly doped with N or S heteroatom, due to a
cooperative and synergistic effect (Table S1) [24,25,27,31,32]. Recently, most of the doped,
and co-doped carbon materials, were synthesized by the addition of external heteroatoms
sources (for example, melamine, ammonium nitrate and urea as sources of N, and Thiourea for
S heteroatom) [11,25,27,32]. However, the heteroatoms doped carbocatalysts surface by using
external sources can lead to a decrease of the surface area, and the heteroatoms leaching during
the catalytic process, as resulting from the weak interaction occurring between the heteroatoms
and the carbon basal surface [22,33,34]. Further, the preparation processes of the heteroatoms
doped carbon material by addition of external heteroatoms sources, generally suffered from
complicated technology and the instability of doping heteroatoms [14,33,34]. These problems
could be solved by one-pot synthesis process of heteroatoms doped carbocatalysts by
carbonization of precursors containing initially heteroatoms in their structures. Therefore, an

easy, available and inexpensive synthesis is highly desirable.

Conjugated polymers such as, Polyaniline (PANI) and Polythiophene (PTh) are metal-
free materials composed of carbon, heteroatoms and hydrogen [10,35-37]. These polymers are
widely used in many fields, including biosensors, adsorbent materials, supercapacitors, due to
their high conductivity, ease of their synthesis, their electrochemical activity, the stability of

the heteroatoms contained in their conjugated system, and their non-toxicity [35-37]. Based on



their characteristics and their high carbon and heteroatom contents, we have recently used
conductive polymers, as metal-free catalysts, in the activation of PS [10]. Therefore, the one-
pot synthesis of heteroatoms doped carbon materials from conjugated polymers can be carried
out at high temperatures, without adding external heteroatoms sources, achieving hence the
reconstruction of the N or S doped carbon in situ [14,22,33,34]. It is noteworthy to note that
this doping method will not only simplify the synthesis procedure, but it will also generate a
significant amount of the higher reactivity active sites for the PS and the PMS activation

[14,22,33,34].

In the present work, we have brought a new insight into the one-pot synthesis of N, S co-
doped carbon (NSC) from the carbonization of conjugated copolymer polyaniline-co-
polythiophene (PANI-co-PTh), which was synthesized from two monomers such as aniline as
a source of N and thiophene as a source of S. Further, in order to give evidence of the
cooperative and synergistic effects occurring in the N, S co-doped carbon (NSC), in comparison
to individual N or S doped carbon, we have also prepared the N doped carbon (NC), and the S
doped carbon (SC), from direct carbonization of PANI and PTh, respectively. Regarding the
organic pollutants, and in order to assess the catalytic activity of PS activation, we have selected
Orange G, Rhodamine B, and BPA, as target contaminants which are widely generated and
difficult to degrade. In addition, the influence of various parameters that may affect the organic
pollutants degradation process have been studied and discussed in detail. The PS activation
mechanism has also been elucidated in trapping and Electron Paramagnetic Resonance (EPR)

experiments.



2. Experimental section

2.1.  Chemical’s reagents

Aniline and thiophene monomers were purchased from Sigma Aldrich and distilled
before their uses. Ammonium persulfate (APS, (NH4)2S203), Iron chloride (FeCls), Chloroform
(CHCI3), sodium hydroxide (NaOH), hydrochloric acid (HCI) (37 %), L-Histidine, tert-butanol
(TBA), ethanol (EtOH), p-benzoquinone (p-BQ), sodium persulfate (PS, NaxS20z, 99%),
sodium alginate, orange G (OG), bisphenol A (BPA), and rhodamine B (RhB), were provided
by Sigma-Aldrich and were used as received. The pH values of the solutions were adjusted by

using HCI and NaOH standard aqueous solutions (Merck Millipore).

2.2.  Preparation of Catalysts NSC, NC and SC

Firstly, the (PANI) was prepared following a simple polymerization method as shown
in our previous work [10]. The Polythiophene (PTh) was prepared by using simple
polymerization process based on the thiophene monomer oxidation with a known ratio
(thiophene/FeCls). Hence, a solution of thiophene monomer (1 mL in 30 mL of anhydrous
chloroform (CHCl3)), then a solution of FeCl3 (6.5 mg, in 20 mL of anhydrous CHCI3) was
added dropwise to the monomer 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 deionised water and absolute ethanol. Finally, the obtained
product was dried at 60 °C in a vacuum oven for 12 hours. Regarding the copolymer
polyaniline-co-polythiophene (PANI-co-PTh), it was obtained by the same protocol used to
synthesize polymer PTh, replacing the thiophene monomer with a mixture of two monomers

(thiophene (0.5 mL) and aniline (0.5 mL)).



To obtain the Nitrogen and/or Sulfur doped carbons the polymers PANI, PTh and PTh-
co-PANI were calcined at 800 °C in a tubular furnace with the heating rate of 5 °C min™' under
nitrogen argon atmosphere for 3 h. Then, after pyrolysis the carbocatalysts obtained were
collected, grinded and washed successively with plenty of Milli-Q water and acetone and finally
dried at 50 °C for 24 h. The final products were denoted, respectively, NC (Schem. 1a), SC

(Schem. 1¢), and NSC (Schem. 1b).

(a) (b)
M GG % Go
gof&[a ] | e Lmﬁ ]
o . o s B % y y
e, o 4101,
Q, g o, < -C0-
LB PANI ; . +3}@c PANI-co-PTh
"@ Ar, 800 °Cy ionh s Ar, 800 °CY
A c,_rc NC Tiophene  Aniline NSC s -
niline

Schema 1. Schematic illustration of the synthesis of N-C (a), NS-C (b) and S-C (c¢) catalysts
2.3. Preparation of NSC@Alginate catalysts

The hydrogel beads NSC@Alginate were prepared according to the following protocol:
100 mg of alginate powder was dissolved in 20 mL of deionized water and stirred at constant
agitation for 4 hours. Then, 100 mg of NSC was added to the mixture and stirred at constant
agitation for 3 hours. On another hand, CaCl, aqueous solution (0.1 M) was prepared and placed
in a beaker with constant stirring. Thus, the hydrogel beads were prepared by adding the mixture
NSC/alginate to the CaCl, aqueous solution dropwise using a pump. Note that in the last
preparation step, each droplet of the NSC/alginate was in contact with the Ca** ions, leading
hence to the formation of spherical hydrogel beads having core-shell like structure, i.e., a core
made of NSC catalyst covered by a shell consisting of alginate-Ca®". Finally, the obtained

hydrogel beads were washed with deionized water and stored in a watery medium.



2.4. Characterization

The surface chemical structures of the prepared materials were studied by X-ray
Photoelectrons Spectroscopy (XPS) method, and by using XPS VG SCIENTA, Model SES-
200. The morphologies of the various prepared catalysts were obtained by Scanning Electron
Microscopy (SEM, FEI, model Quanta 400) and Transmission Electron Microscopy (TEM,
Philips CM 200). Raman spectra were obtained using DXR™ 2, Thermo Fisher Scientific
apparatus operating in the range of 800-2200 cm™' with a 532 nm wavelength incident laser
light. The crystalline structures of the hard carbon products were characterized by PANalytical
MPD X'Pert Pro diffractometer operating with Cu Ko radiation (A= 0.15418 nm). The surface
area and porous structure were analyzed by nitrogen adsorption—desorption measurements by

using Micrometrics Analyzer, ASAP 2020 instrument.
2.5.  Catalytic Activity Evaluation

The PS activation performances by the NSC, NC and SC carbocatalysts were evaluated
via batch experiments, where OG, RhB and BPA were selected as target organic pollutants.
Thus, in a typical test, 50 mL of organic pollutants concentration aqueous solution (JOG] = 50
mg L', [RhB] = 20 mg L', [BPA] = 10 mg L") was continuously agitated with 0.2 g L' of
carbocatalyst, and 4 mM of PS, for a contact time of 24 min. During the test, at specific time
intervals, 2 mL sample volumes were withdrawn and then filtered through filter membrane
(0.45um, nylon). Further, in order to identify the reactive oxygen species generated in the
catalytic reaction, different quenching reagents (EtOH, TBA, L-Histidine and p-BQ) were used
to determine the active species in the carbocatalyst/PS systems. Thus, EtOH was employed to
scavenge both SO4~ and OH’, while TBA was selected to verify the presence of OH' radicals,
and L-histidine and p-BQ were used as 'Oz and 02" scavengers, respectively. The carbocatalyst

reusability was assessed by recovering it by vacuum filtering from the reaction solution, then it



was washed three times by EtOH and deionized water. Subsequently, the recovered
carbocatalyst was dried and reused for OG degradation tests. Residual concentrations and
calibration curves of OG, RhB and BPA aqueous solutions, were determined by absorbance
measurements by using UV-Vis spectrophotometer (6705 UV/Vis JENWAY) at wavelengths
A =478, 554 and 230 nm, respectively. Further, in order to identify the presence of the ROS in
the degradation process, we have conducted in situ electron paramagnetic resonance (EPR)
analyzes. Thus, for each analyzed solution, a volume of 50 pL of the reaction medium was
transferred in a glass capillary sealed with Crit-O-seal TM, and then placed in an ESR-tube
having an outside diameter of 5 mm. In the EPR experiments, N-tert-butyl-a-phenylnitrone
(PBN) was used as a spin-trapping agent for OH" and SO4™, while 2,2,6,6 tetramethylpiperidine
(TEMP) was selected as a spin-trapping agent for 'O,. Continuous-wave EPR spectra were
recorded at room temperature in aerated medium using an EMX-plus X-band spectrometer

(Bruker).

3. Results and discussion

3.1.  Catalysts Physicochemical Structures

The XPS technique was used to study the surface chemistry of the prepared carbocatalysts
NSC, NC and SC as shown in Figs. 1a -1f. The survey spectrum of NSC (Fig. 1a) reveals
mainly four peaks attributed to Cls, N1s, Ols and S2p, the spectrum of NC (Fig. 1a) contains
three main elements C Is, N Is and O s, and the spectrum of SC (Fig. 1a) includes three
elements C 1s, O Is and S 1s. The XPS results show that the doping of the heteroatoms in the
carbon matrix were well achieved, with very interesting percentages as depicted in Table 1. As
can be seen, for the NSC material the percentage of heteroatoms is about 8.63% (3.87% S and
4.76% N), the NC material contains about 6.60% N and the SC material contains 6.29% S.

Subsequently, high-resolution XPS analyses of C 1s, O 1s, N 1s and S 2p were carried out, to



study in detail the chemical bonds within the matrix of the carbocatalysts NSC, NC and SC.
The deconvoluted Cls spectra show the existence of four main peaks (Figs. SI a-¢), positioned
at284.4,285.4,286.8 and 288. 8 eV, attributed to C-C/C=C (sp* hybrid carbon and sp? graphite-
like hybrid carbon), C-N and/or C-S (could be due to sp? carbon bound to heteroatoms), C=0
(carbonyl or quinine) and O-C=O (carboxyl or ester), respectively [12,14,38]. The
deconvolution of Ols from the three samples NC, SC and NSC shows the same components
positioned at, 530.0, 531.6 and 533.3 eV assigned C=0, O-C=0 and C-O, respectively (Figs.
SI d-f) [12]. Concerning the deconvolution of the N 1s peak, of both NSC and NC
carbocatalysts, they show four main types of N species (Figs. 1¢ and 1d), positioned at 398.1,
399.1, 400.6 and 403.0 eV, and attributed to graphitic N, pyridinic N, pyrrolic N and NOx,
respectively [38,39]. The graphitic N, which exhibits significant catalytic activity, as compared
to the other N configurations, was found to be the dominant form in the NC and the NSC
carbocatalysts (Table 1). The deconvolution of the S 2p peak of both SC and NSC materials,
indicates the existence of three peaks (Figs. 1e and 1f), positioned at 163.7, 164.9 and 167.5
eV, and attributed to C-S-C (S 2p3n), C-S-C (S 2pi2) and its oxidized forms of C-SOx,
respectively [40,41]. It should be noted that the co-presence of N and S in the NSC, with a large
atomic percentage, should contribute to promote the catalytic efficiency and to create an

important synergistic effect during the persulfate activation process [24,29].
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Fig. 1. XPS survey spectra (a) and atomic concentration (b) of NS-C, N-C and S-C Catalysts

High-resolution N Is spectra of N-C (¢) and NS-C (d). High-resolution S 2p spectra of S-C

(e), and NS-C (f).

Table 1. Physical parameters for the NSC, NC and SC catalysts

NSC NC SC
%. O 1s 6.02 7.77 8.01
%. C 1s 85.35 85.63 85.70
%. N 1s 4.76 6.60 ND
%. Graphitic N 49.10 44.72 -
Eé %. Pyridinic N 34.68 32.91 -
v %. Pyrrolic N 7.66 16.06 -
%. Oxidized N 8.56 6.30 -
%.S2p 3.87 ND 6.29
%. S1(C-S-C) 92.27 - 96.35
%. S 11 (C-SOy) 7.73 - 3.65
HR-TEM  dop: (nm) 0.358 0.346 0.367
Sger (m? g7™) 250,638 65,667 306,968
g Stnicro (M* g71) 212,862 26,640 261,490
- Viotale (cm® g1 0,190 0,165 0,214
Vmicro (cm® g1 0,0810 0,0109 0,1003
Raman I6/Ip 1.110 1.119 1.100
dooz (A) 3.55 3.49 3.65
E Lc(nm) 1.64 1.70 1.61
L. (nm) 3.36 3.46 3.27
N 4.60 4.91 4.39
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The morphologies of the NSC, NC and SC materials as investigated by SEM are shown
in (Figs. 2 a-c) and indicate stacked graphitic carbon layers with few pores on the surface of
the three carbocatalysts. Further, the NSC, NC and SC catalysts TEM images are depicted in
(Figs. 2 d-f) and show relatively clear graphitic layers morphology, suggesting hence an
enhanced graphitic porous structure, in agreement with the SEM images. The SEM analyzes
coupled with the EDS mapping for hydrogel beads NSC@AIlg were performed and they are
shown in Fig S2. The SEM images of the hydrogel beads show that the NSC carbocatalyst are
immobilized inside surrounded by layer of alginate and calcium ions, which gave it a spherical
shape bead. In addition, the calcium ions and alginate are concentrated on the beads surface

(Fig S2).
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Fig. 2. SEM images of N-C (a), NS-C (b) and S-C (¢). TEM images of N-C (d), NS-C (e) and

S-C (f); SEM and mapping images of NSC@Alg (g).

High resolution TEM images (HR-TEM) were used for the determination of the inter-
layer spacings of the NSC, NC and SC samples (Figs. 3 a-c¢). The TEM images show, the
disordered bearing structures of the three samples which are consistent with the amorphous
carbon’s nature. In addition, Figs. 3 a-c¢ show that the inter-layer space can be clearly identified
at the margins of the samples, after carbonization at high temperature, indicating partial
graphitization of the amorphous carbon. The SC sample was found to have a higher inter-layer
space of 0.367 nm, as compared to that of the NSC sample, which is about 0.358 nm, whereas
the NC sample was found to have the smallest inter-layer space which is about 0.346 nm. The
comparison between the inter-layer distance of the various carbocatalysts, indicates clearly that
the presence of heteroatoms in these samples causes many structures defects. Moreover, it is
obvious that the S atoms, as compared to N atoms lead to the structuration of the carbon into
nanosheets and non-homogeneous dispersion. The XRD patterns of SC, NSC and NC
carbocatalysts (Fig. 3d), show all two broad (002) and (100) peaks, suggesting hence an
amorphous nature and disordered carbon [42,43]. Note that the (002) peak moves to a higher
diffraction angle depending on the nature of doping heteroatom (24.34° for SC, 25.05° for NSC
and 25.43° for NC) indicating that the doo2 (inter -layer spacing) decreases due to an increased
relative order [44,45]. The calculated dooz values are respectively 3.65, 3.55 and 3.49 A for SC,
NSC and NC, respectively (Table 1), confirming that doping the catalyst with S atoms enlarges
the inter-layer space due to the larger covalent radius [11]. The thickness and the average width
of the graphitic domains, Lc and La, were calculated based on the well-known Scherrer
equation, using the FWHM values of (002) [42,43,45]. The number (N) of stacked graphene
sheets was obtained by the equation N = Lc / doo2 (Table 1). As expected Lc, La and N were

found to vary depending on the type of doping heteroatom [ 11]. Thus, the NC sample was found
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to have the higher Lc, La and N values in a good agreement with the HR-TEM observations.
The 26 diffraction angles were about 43.5 ©,43.5 ° and 43.5 ° for NSC, NC and SC, respectively,
and they were attributed to the plane (100) of the amorphous carbon [42,43]. Raman analysis
was also carried out to determine the graphitization degree of the carbonaceous materials (Fig.
3e). The spectra of the three carbocatalysts NSC, NC and SC show two characteristic peaks at
1339 and 1596 cm’!, assigned to the D and G bands, respectively. Specifically, the D-band is
related to the unordered structure level, while the G-band is related to the internal vibrations of
the sp? hybridized carbon atoms [38,44]. As shown in Table 1, Io/Ip represents the ratio of the
degree of graphitization to the degree of defect [39,42,43,45]. The NC was found to have the
highest ratio (1.01), as compared to the NSC (0.96), and to the SC (0.90), confirming hence,
the increase in the graphitic order and the decrease in the defect concentration in the order
SC<NSC< NC. These results show that the graphitization is related to the type of doping
heteroatom. Thus, S-doping progressively decreases the degree of graphitization and increases
the number of defects as well as the interlayer spaces, which is consistent with the XRD and
HR-TEM. The specific surface areas and the pore structures of the various samples were
determined using N2 adsorption-desorption isotherms (Fig. 3f). The curves show IV isotherms
type, as well as distinct hysteresis loops which indicate the presence of mesopores various
carbocatalysts structures (Fig. S2). In addition, the calculated BET specific surface areas of
NSC, SC and NC samples are, 250,6; 306,9 and 65,7 m* g}, respectively. Furthermore, the
textural characteristics of the three carbocatalysts, as presented in Table 1, are favorable to the
exposure of their active sites leading hence to rapid electron transfer and resulting finally in

excellent catalytic activity.
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Fig. 3. High-resolution TEM images of (a) NC, (b) NSC and (¢) SC, with their average lattice
fringe spacings indicated in the figures. XRD (d) and Raman (e) spectra, Nitrogen adsorption

and desorption isotherms (f), of various carbocatalysts.
3.2. Degradation Performance

The obtained carbocatalysts were evaluated for the degradation of organic pollutants
such as orange G (OG), Rhodamine B (RhB) and Bisphenol A (BPA), by using persulfate as
oxidant. The catalytic and adsorption performance of NSC, NC and SC towards the OG
pollutant, are summarized in Figs. 4a and 4b, and the corresponding reaction rate constants are
gathered in Fig. 4¢. Thus, the OG adsorptions on various samples were significant and reached
up to about, 49% in the SC system, 46% for NSC, and 44% for NC, with adsorbed amounts of
about 119, 112 and 95 mg g for SC, NSC and NC, respectively. as resulting from their large
specific surface areas. Moreover, as can be seen in Fig. 4a, a limited OG degradation was

observed in the PS system alone, suggesting that the PS could not promise significant removal
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of OG without its activation by the carbocatalyst. The OG removal with the two mono-doped
carbocatalysts, increases to 80% and reaches 100%, within 24 minutes, yielding reaction rate
constants of 0.076 and 0.131 min !, respectively, in the SC/PS and the NC/PS systems.
However, the N and S co-doped carbon (NSC) was found to have the highest catalytic activity
with a total degradation in the first 15 minutes yielding the highest reaction rate constant of
0.338 min"'. Likewise, the NSC/PS system also shows the highest degradation for BPA and
RhB pollutants (Figs. 4d and 4e), when compared to the NC/PS and the SC/PS systems. In the
case of the RhB degradation (Fig. 4e), it can be clearly seen in the figure that the reaction rate
constant has significantly increased for NSC (0.201 min™") than NC (0.089 min™") and SC (0.058
min’"). Regarding the BPA degradation (Fig. 4d), the reaction rate constant was also important
in the NSC/PS system (0.143 min™!), in comparison to the NC (0.072 min™") and the SC (0.050
min™"). Such results suggest that the introduction of the S atoms alone into the carbon structure,
shows less important effect than N atoms which exhibit high catalytic activity [11,46].
However, the introduction of both N and S heteroatoms leads to the NSC carbocatalyst showing
the highest catalytic activity, in comparison to the NC and SC. Such excellent catalytic effect
of the NSC sample can be explained by several other factors including, its high BET surface
area, and its well-defined porosity (Fig. 3 and Table 1), which allow the abundance of active
sites. Other factors explaining the excellent NSC activity is due to the N, S heteroatoms amount
in the carbon structure. Thus, large N, S heteroatoms amount and/or percentage are obtained in
the case of conductive polymers, upon their carbonization, as shown in the XPS analysis,
especially in the NSC carbocatalyst. For this reason, we have studied the relationship that may
occur between the reaction rate constant, and the heteroatoms percentage, for different catalysts
(Fig. 4¢). Hence, as can be seen, the NSC having the largest heteroatoms percentage, in
comparison to the NC and the SC samples, has also the highest OG reaction rate constant

degradation. It is therefore expected that doping an appropriate amount of N and S, at the same
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time in the structure, can create a synergistic effect in enhancing persulfate activation and ROS
generations. However, the generated ROS in the carbocatalyst/PS systems normally exhibit

high oxidation potential, leading to insufficient mineralization of the total organic carbons

(Text S1. and Fig. S3).
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Fig. 4. (a) Degradation profiles of OG, (b) Adsorption of OG, (¢) The relation
between XPS heteroatoms concentration and the reaction rate constants, (d) Degradation
profiles of BPA, (e) Degradation profiles of RhB, and (f) Reaction rate constants of different
carbo-catalysts. Reaction conditions: [Catalyst] = 0.2 g L™!, [0G] =50 mg L', [PS] =4 mM;

[BPA] =10 mg L™!; [RhB] =20 mg L',
3.3. ROS analyses and synergistic mechanism

The radical quenching tests were carried out in order to investigate the main ROS
generated during the PS activation on different systems studied. Thus, ethanol (EtOH) and tert-

butanol (TBA) were used as selective free radical scavengers, to distinguish the contribution of
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both radicals SO4™ and OH" in the NSC/PS, NC/PS and SC/PS systems [10,11,47,48]. Hence,
it was shown that EtOH can scavenge both radical OH" (k = 1.8-2.8) x 10° M! sy and SO4™~
(k=1.6-6.2) x 10'M! 1Y [10,11,49], while the TBA react only with OH"(k = 3.8—7.6 x 108M"
571 [25,48,50,51]. Figs. 5 a-d show that the catalytic efficiencies of the different systems are
slightly slowed down upon the addition of EtOH and TBA, showing hence radical deactivation
effects. Further, the addition of EtOH and TBA scavengers, affects little the reaction rate
constants, which are weakly decreased, indicating that SO4~ and OH’ radicals are not the
dominated generated ROS in these catalytic systems. It has been reported that doping and co-
doping with heteroatoms in the carbon structure could increase the PS adsorption energy on the
catalysts surface, thus transforming the adsorbed activated complexes by a non-radical process.
In addition to SO4 and OH'" radicals, the superoxide intermediate (O2™) is also an important
reactive species in the radical oxidation reaction. The O, scavenging experiments were realized
by using p-benzoquinone (p-BQ) as a selective quencher with high reaction rate toward 02" (k
=9 x 108 M~ §71) [25,50,51]. Figs. Sb and 5d show that the catalytic activities of NSC are
slightly decreased after the addition of p-BQ), and the reaction rate constant is weakly weakened
from 0.338 to 0.277 min™, suggesting that O2""is not the dominant ROS in NSC/PS system. It
has been reported that the O, radical, as an intermediate, can transform easily into 'O, in the
catalytic systems [50-54]. In addition, the singlet oxygen 'O; plays an important role in the
non-radical oxidation pathway. Thus, in order to confirm the generation of the singlet oxygen
'0,, quenching experiments were realized by using L-Histidine is an excellent scavenger for
10, [25,55]. As shown in Figs. 5 a-d the catalytic activities of NSC, NC and SC, were
significantly decreased upon the addition of L-Histidine, and the reaction rate constants
decreased from 0.338 to 0.051 min’!, from 0.161 to 0.033 min™' and from 0.076 to 0.025 min’!,
respectively, in the NSC/PS, NC/PS and SC/PS systems. The results indicated that a large

amount of 'O should be produced in the different studied systems. The scavenging experiments
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carried out by L-Histidine, clearly prove that 'O, plays a more important role than SOs~ and
OH’ during the catalysis process in view of the pollutant degradation. The involvement of ROS
in such degradation reaction was further checked and confirmed by electron paramagnetic
resonance (EPR) by using PBN as a spin-trapping agent for SO4" and OH"[10,11], and TEMP
as a spin-trapping agent for 'O, in the various catalytic reactions [48,50,56]. As shown in Figs.
Se and 5f, straight line was observed in the presence of either PBN or TEMP agent, when the
PS alone was involved in the various catalytic processes, indicating that no radical was
generated. In comparison, evident characteristic peaks appeared in the EPR spectra when the
PS activation was achieved in the presence of various catalysts. Thus, the EPR spectra (Fig. Se)
clearly show the characteristic signals for PBN-SO4"™ and PBN-OH' suggesting the generation
of SO4"™ and OH’ radicals in various carbocatalyst/PS systems. Furthermore, the magnitudes in
the PBN-SO4~ and PBN-OH" signals were higher in the NSC/PS system in comparison to PBN-
X signals of the NC/PS and SC/PS systems, showing hence the abundant generation of radicals
in the NSC/PS system. More importantly, a strong characteristic triplet signal was
systematically observed when TEM was involved as a spin agent (Fig. 5f), confirming further
the 'O, generation in the various oxidation systems studied. Note also that the intensity of the
TEMP-'0; peaks in the NSC/PS catalytic system was greater and significant when compared
to the NC/PS and SC/PS systems, indicating that co-doping of N and S creates a synergistic
effect, which enhances the persulfate activation and facilitates the production of the reactive
species '0,. The overall EPR data are consistent with the various radical deactivation tests.
Therefore, the non-radical pathway expressed by the involvement of 'O, has been proposed as
a dominant catalytic reaction mechanism in the systems studied, whereas the radical pathway

involving the SO4" and OH' radicals played a minor role.
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Fig. 5. Pseudo-first order kinetics of different scavengers, on the OG degradation in (a)

NC/PS, (b) SC/PS, (¢) NSC/PS, (d) Effects of various scavengers on the OG degradation

reaction rate constants. (Experimental conditions: [Catalyst] = 0.2 g L™!, [0G] =50 mg L',

[PS] =4 mM, [EtOH] = [TBA] =1 M, [L-Histidine] =50 Mm, [p-BQ] =50 mM) and (e, f)

EPR spectra by using PBN and TEMP as spin-trapping agents).

Generally, in the SR-AOPs, the use of N and S heteroatoms doped carbon materials can

improve the catalytic activity towards the PS activation. Since the carbon atom electronegativity

is very low, as compared to nitrogen, and almost the same for Sulfur, the reassembly of these

atoms will result, at molecular level, in various chemical structures and electronic charges

distributions [24,29,31,50,56]. Such distribution in the electronic charges will, in turn, lead to

the apparition of active sites on the surface material, allowing the S,0s* ions adsorption,

facilitating the cleavage of O-O bond, and generating the ROS [31,50,56]. Note that the

graphitic N is the main active for the non-radical PS activation. Furthermore, the electron-rich

N groups (pyrrolic N and pyridinic N) present on the carbocatalysts surface, could also

participate to the cleavage of the O-O bond, producing hence SO4™ species via the radical
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pathway [33,34]. However, in the case of a catalyst structure consisting basically of carbon and
sulfur atoms, the O-O bond cleavage of the PS, will be initiate by thiophenic S (-C-S-C-) active
sites rich in electron [14]. In summary, the graphitic N and thiophenic S heteroatoms play
critical roles in the PS activation process [24,25,56]. However, the mechanism of the PS
activation by N and S heteroatoms co-doped carbon is not yet well known, for this we tried to
propose in the present work a possible mechanism of the PS activation (scheme 2). As it was
already shown in the present work, the sulfur, when compared to nitrogen atoms, create more
structural defects in the carbon matrix, therefore a question can then be asked: Is it possible that
proper doping of N and S could create a synergistic defect-charge effect, and improve the
catalytic persulfate activation? This is the question to which we were trying to answer in the
present work. The overall data have shown that the doping by S atoms makes the catalyst
surface less graphitic while the doping by N atoms leads to a larger negative charge distribution.
However, the co-doping by S and N atoms (NSC) gives at the same time: an acceptable
electronic distribution to promote the adsorption process with optimal structural defects and
creates a synergistic effect between the graphitic N and the thiophenic S with the redistribution
of spin and charge density, and an increase in active sites on the catalyst surface. Such catalyst
surface due to the N-S co-doping facilitates the electrons acceptance from the PS ion (S205%),
reinforcing hence the persulfate activation and generating the 'O, which could effectively
‘degrade the organic molecules [29,31,56]. The 'O generation results from both, the synergetic
effect of N and S dopants reinforcing the electrons extraction from the adjacent positive carbon
atom which is linked with the S204% to produce !0, (Egs. 1 and 2), and the generation, upon
the PS activation, of superoxide radicals O2"™ as precursor of the singlet oxygen '02 (Eq. 3)
[50,52]. On the other hand, the electron transfers from N and S sites to PS led to the generation

of SO4™ which could further yield OH" (Eqs. 4 and S). The co-doping procedure was found to

20



be an appropriate choice and exhibiting a huge effect and is concluded that a new generation

pathway of ROS by synergistic effect between the doping elements.

NSC + S03-0-0-SO3— NSC | SO3-0-0-S03" 1)
NSC [ SO3-0-0-S03™ + 2H20 — NSC |'02 + 4H* + 28042~ )
202" + 2H20 — 102 + H20:2 + 20H™ 3)
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Scheme. 2. Proposed mechanism of PS activation in NSC, NC and SC catalysts.

3.4. Separation, stability and reusability

It is well known that the study of the stability, the reusability, and the separation during
the reuse of the catalysts, is very important in practical applications. These problems arise
mostly when the carbocatalysts are used in the PS activation. The researchers aiming to develop
metal-free catalysts, with separable and recyclable properties, are very important in the practical
side. In our study we have prepared metal-free carbocatalysts in the form of hydrogel beads
from alginate biopolymers (NSC@Alginate), which are separable and stable during their reuse.
To check the durability for NSC and NSC@Alginate samples, the reuse tests were carried out
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and are presented in the Figs. 6a and 6b. As can be observed in this figure, after five cycles of
reuse of NSC, the catalytic efficiency decreases significantly from 100% to 64%, in addition,
after each cycle, the subsequent filtration process was accompanied with a mass loss. The
decrease in the catalytic efficiency observed for the NSC sample during its reuse, is due to
surface structural changes resulting from the active sites loss (S thiophenic and N graphitic),
and the pore filling by the intermediate’s adsorption. Regarding the NSC@Alginate beads, no
decrease was observed after 5 cycles of use, showing high stability. Moreover, the hydrogel
beads were found to be easily recovered from solutions and reused with no loss in their mass
due to their large particle size. It is obvious that the increase in the stability after the NSC
transformation into hydrogel beads is due to the decrease of the active sites leaching (S
thiophenic and N graphitic) after the coating of the NSC with the alginate and calcium ions
complex. Despite the increase in the catalytic reaction time observed for the NSC@Alginate
hydrogel beads, we have confirmed its stability, reusability, easy synthesis environmentally
friendly aspect, indicating therefore that the hydrogel beads catalyst is suitable for industrial

applications.

3.5.  Factors affecting the OG degradation

To further determine the keys factors affecting the OG degradation, we have studied the
effects of various experimental conditions such as the dosage of the carbocatalyst, the dosage
of PS, the concentration of pollutants and the initial solution pH, in addition, the effect of the

water matrix.

The effects of catalyst dose, PS concentration and OG concentration on the catalytic
process were investigated (Fig. 6c¢). Linear relationships between In (Kapp) and (In([NSC],
In([PS]) and In([OG])) have been established. Fig. 6¢; shows that the pollutant degradation

reaction rate constant (kapp) is strongly related to the experimental conditions. Thus, the Kapp
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increases when the NSC dose increases from 0.1 g L' to 0.4 g L', In summary, the high
performance of the carbocatalyst, is attributed to the creation of more active sites that results
from the synergistic effects occurring on the NSC surface, increasing hence the electrons
transfer from the catalyst to the PS, and generating more reactive species, especially 'O,.
Likewise, the effect of the PS concentration is positive when it increases from 2 to 8 mM, the
reaction kinetics become faster due to sufficient electrostatic interactions occurring between the
nucleophile S,03* and the electrophilic NSC surface sites indicating a significant release of
ROS. However, a negative linear correlation was observed between Kapp and OG concentration
which could be due to the occurrence of insufficient NSC active sites upon the OG
concentration increase. The initial solution pH is an important factor affecting the degradation
of organic pollutants. The degradation efficiencies by the different systems were assessed by
varying the initial pH value from 2.6 to 9.5. The different results are gathered in Fig. 6d, and
show that the catalytic efficiency of the NSC, NC and SC are better in alkaline and acidic
environments. In short, the carbocatalysts can be applied for the PS activation in a wide pH
range. To further investigate the feasibility of NSC in the environment, the NSC effect on the
OG degradation in tap water (TW) matrix was investigated. Fig. S4 shows that the removal of
OG was slightly depleted by 100% and 78% in 15 min. This could be due to the high
conductivity, and the chloride ions present in TW inhibit the generation of ROS. This indicates

that the catalysts/PS systems are also effective in removing OG from the actual water samples.

23



(b)

NSC@AIg
3 1.0
cyde2 | 1\ og] \ovdetiicvaeat \ : !
| Cycle 3! : ; 1 i : : : :
i\ | evelea ] eyete s [ P \ LA et 5|
i £ | e 06 | PV s
g :\ : : 53 ! Fd E P ! :
: : vl o ] 9 [ > by ; . : H
= l : K ¢ 2 @ = , | L | ;
v é\ I T C o4l 2 SEEER BN i
HEAN { i = [ 2 m I ! ' N A ! H H
\ ;\,;&\1‘-@ AL B g og ] : Y \g
& 9 C S | 3 0.2 ? \ i
‘? : H ! ! ! : A \i \s
T 5 + : a o lec Q NSCé)AIg 0.0 . T § E.s ? T
30 45 60 75 - 0 100 200 300 400 500
Time (min}) Time (min)
06(C) (d)
- 100 - —8— NSC; —i— NC; ——SC
0G concentration ] R S PG
NSC dosage i 80+
P 2 ¢ BN
= Fi R?=097 fj —
& S 604
L :
S- 3 40
D
PS concentration 20 -
R*=0.95
1.8 E
r T y T : i 0 T T T
35 -30 -25 12 15 1.8-24 -18 -12 -0.6 2 4 6 8 10
Ln{[0G]) Ln{[PS]) Ln{[NSC])

Fig. 6. Stability and reusability of NSC (a), NSC@Alginate (b); Effect of initial pH solution
(d)([Catalyst] = 0.2 g L™}, [0G] =50 mg L™}, [PS] = 4 mM). Linear correlations between
catalyst dose, PS concentration, OG concentration and kapp in NSC/PS (c): ([catalyst] = 0.1,

0.2,03,0.4 gL', [0G] =25, 50, 75, 100 mg L', [PS] =, 3, 4, 5, 6 mM)

Conclusion

In this work, N or S mono-doped, and N-S co-doped carbon carbocatalysts, were
synthesized by one-pot process from direct carbonization of conjugated polymers for organic
pollutants degradation. Experimental and characterization insights were realized to establish an
existing relationship between the PS activation dependent on the carbocatalysts structure and
the catalytic oxidation reaction. The catalytic reaction rate was found to be strongest in the case
of N-S co-doped carbon as compared to individual N or S doped material. The highly catalytic
activity of the NSC catalyst was due to the synergistic effect occurring between N and S

heteroatoms dopants, especially, the N graphitic and S thiophenic. Further, the scavenging
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experiments have shown that the non-radical pathways dominate the catalytic reaction rather
than the processes generating the radical species such as SO4~, OH" and O>"". Moreover, the
singlet oxygen was the major reactive oxygen species involved in the pollutant degradation
reaction, as shown from the EPR analyzes. The formulation of the carbocatalysts with alginate
aqueous solution led to the formation of separable NSC@Alginate hydrogel beads having
higher catalytic activity and excellent chemical stability for organic pollutants degradation. In
overall, the design of N-S co-doped carbon materials, leads to scalable carbocatalysts, highly

performants, and having improved activity toward the wastewater treatment.
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