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1. Introduction

Efficient degradation of orange G dye using the
quartz-sand@polythiophene composite for
peroxymonosulfate activation: a sustainable
approach for advanced oxidation processest

* Abdellah Ait El Fakir, ©2 Salaheddine Farsad,
Ayoub Chaoui, Said Et-Taleb* and Noureddine El Alem

Asma Amijlef,
Aboubakr Ben Hamou,

In this work, a composite material, QS@PTh, comprising quartz-sand (QS) and polythiophene (PTh) was
used for the activation of peroxymonosulfate (PMS) to degrade Orange G dye (OG). The QS@PTh
composite was synthesized through a polymerization process that resulted in the attachment of
polythiophene onto the quartz-sand surface. The formation of QS@PTh was demonstrated using X-ray
diffraction (XRD), scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDX),
and Fourier-transform infrared (FTIR) spectroscopy. The activation of PMS by the QS@PTh composite
was evaluated through degradation experiments using Orange G dye as a model pollutant. The results
demonstrated the efficient degradation of Orange G dye by the QS@PTh/PMS system, achieving a
degradation efficiency of 99.5% and a COD removal of 79.4% within 60 min. The mechanism of PMS
activation for OG degradation was suggested, highlighting the role of electron transfer from the polythiophene
component to PMS, leading to the production of highly reactive species such as hydroxyl radicals (*OH),
sulfate radicals (SO4°7), and singlet oxygen (*O.). Furthermore, the system exhibited remarkable efficacy in
degrading other organic pollutants and real water samples, confirming its feasibility for decontaminating
various pollutants. These promising results position QS@PTh/PMS as a versatile solution with potential
application in the industrial sector. Additionally, the QS@PTh composite’s catalytic activity remained robust
even after five cycles, indicating its potential for repeated use. These outcomes collectively underscore the
utility of QS@PTh as a performant catalyst for PMS activation in the degradation of organic contaminants,
showcasing its potential for environmental remediation applications.

breakdown of the O-O bond.’ To activate PMS, various techni-
ques have been employed, including radiation, alkaline condi-

Recently, the persistent contamination of water bodies with
organic pollutants has become a significant environmental
concern. Synthetic dyes released from industrial activities pose
a threat to both aquatic ecosystems and human health."?
Consequently, the development of effective and sustainable
strategies for the removal of these contaminants is of para-
mount importance.>® Peroxymonosulfate based advanced
oxidation processes (AOPs) have emerged as a promising tech-
nique for the degradation of organic contaminants due to the
versatility, longer half-life (¢,,, = 30-40 ps), and strong oxidizing
potential (2.5-3.1 V) of sulfate radicals.”® The activation of PMS
entails the generation of sulfate radicals (SO,°”) by the
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tions, electrochemical processes, thermal treatment, transition
metal ions, and metal oxides.'®'*

However, these activation methods typically necessitate high
temperatures, extended reaction times, or the introduction of
costly transition metal catalysts, which can have adverse envir-
onmental impacts.’? To overcome these limitations, research-
ers have been exploring alternative catalysts that can activate
PMS under ambient conditions, thereby enhancing the degra-
dation efficiency of pollutants.

Carbocatalysts have gained a great deal of attention due
to their biocompatibility, high catalytic activity, and eco-
friendliness.”® Additionally, they have been confirmed to
effectively activate oxidants (peroxymonosulfate and persulfate
(PS)) without causing secondary pollution.* Annamalai et al.
reported that carbocatalysts, particularly those doped with
heteroatoms such as nitrogen, phosphorus, and sulfur, have
shown remarkable catalytic activity in activation.'

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Traditionally, the use of N or S-doped carbon materials faced
challenges related to the instability of nitrogen/sulfur doping,®
resulting in the need for an energy-intensive pyrolysis process,
which could lead to costly materials.'> However, a ground-
breaking facet of our research lies in the direct utilization of
conductive materials featuring a conjugated system composed
of alternating heteroatoms and carbon atoms, eliminating the
need for pyrolysis. This approach holds the potential to yield
cost-effective materials with superior catalytic capability. For
example, Sun et al. confirmed that polyaniline exhibits superior
catalytic performance compared to conventional metal-based
catalysts and commonly used N-doped carbocatalysts in the
degradation of methyl orange (MO)."* Similarly, Ait El Fakir
et al. demonstrated that hematite sand coated with nitrogen-
rich polymers (polypyrrol and polyaniline) could effectively
activate PS for the degradation of organic pollutants."”

Despite the extensive research on catalysts, there has been rela-
tively limited exploration of sulfur-rich carbocatalysts. This gap in the
literature underscores the need for further investigation in this area.
In light of this, polythiophene, a sulfur-rich conductive polymer with a
unique chemical structure, has been widely studied for its excellent
electrical conductivity, and catalytic properties."®" Its conjugated
backbone, consisting of alternating sulfur and carbon atoms, provides
a suitable platform for electron transfer reactions,'®*® making it a
promising catalyst for industrial applications. However, polythio-
phene alone still has some drawbacks for practical applications,
including lack of selectivity, difficult separation, limited stability
and poor mechanical strength.”" In order to address these challenges,
quartz-sand can be used as a carrier for polythiophene, offering
several advantages for the activation of PMS, including enhanced
catalytic activity, improved stability, good mechanical strength, and
providing ease of separation of the catalyst from the mixture. The
synergistic effects between polythiophene and the quartz sand sub-
strate offer a sustainable and cost-effective solution for the degrada-
tion of organic contaminants in large-scale applications.

To the best of our knowledge, no prior research has been
published regarding the use of polythiophene-coated quartz
sand as a catalyst for activating PMS in the degradation process.
In this work, the QS@PTh composite was synthesized, char-
acterized, and used for the activation of PMS to degrade OG. To
assess the ability of QS@PTh to activate PMS for Orange G
degradation, the effect of several parameters was investigated
including the catalyst dose, PMS dose, initial pH, initial OG
concentration, and temperature of OG solution. Furthermore,
the mechanism of PMS activation was suggested based on the
results of quenching experiments and electron paramagnetic
resonance (EPR) analysis.

2. Experimental

2.1. Preparation of the QS@PTh composite

The chemical reagents employed are presented in the ESI,} Text
S1. The preparation of QS@PTh involved a chemical oxidative
polymerization process of thiophene and QS in chloroform,
utilizing anhydrous iron chloride (FeCl;) as the oxidant. Initially,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a dispersion of 1 g of QS in 20 mL of chloroform was agitated for
20 min. Subsequently, 0.5 mL of thiophene was introduced into
the suspension, followed by ultrasonic vibration for 30 min. A
solution of iron chloride in 30 mL of chloroform, with a molar
ratio of FeCl; to thiophene set at 1:1, was prepared. The FeCl;
solution was then added dropwise to the mixture and agitated at
room temperature for 6 h. The addition of the oxidant (FeCls)
resulted in a rapid color change to black, indicating the occur-
rence of oxidative polymerization. Afterward, the obtained solid
product underwent filtration, followed by washing with distilled
water and acetone, and was then dried at 60 °C overnight for
subsequent use. To synthesize pure PTh, the same procedure was
followed, excluding the addition of sand particles.

2.2. Characterization

The comprehensive characterization information is provided in
the ESI, T Text S2.

2.3. Catalytic experiments

To evaluate the effectiveness of QS@PTh in activating PMS,
batch experiments were conducted. The catalytic reaction took
place in a 100 mL beaker, containing a specific amount of the
catalyst, a certain quantity of peroxymonosulfate, and 50 mL of
0G (50 mg L"), while being stirred for 60 min. Various factors
were investigated, including PMS dosages (1-2.5 mM), catalyst
dosages (0.1-0.4 g L"), initial pH values (ranging from 3.6 to
9.6), initial OG concentrations (ranging from 25 to 100 mg L"),
and temperatures (ranging from 25 to 45 °C). The initial pH
adjustment was performed with either NaOH (1 M) or HCI (1 M).
Additionally, the performance of the QS@PTh/PMS system was
assessed against that of other pollutants, including methyl orange
(MO), rhodamine B (RhB), and bisphenol A (BPA), using the same
experimental conditions as those of OG but varying the pollutant
concentrations ([MO] = 50 mg L', [RhB] = 20 mg L™, [BPA] =
10 mg L™"). Following the degradation reaction, the remaining
concentrations of the organic pollutants were determined using
UV-vis spectroscopy at 464 nm, 554 nm, and 278 nm for MO,
RhB, and BPA, respectively. The mineralization efficiency of OG
in the QS@PTh/PMS system is typically measured using
chemical oxygen demand (COD) by a colorimetric method
based on standard methods for the examination of water and
wastewater. To determine the reactive oxygen species (ROS)
produced during PMS activation, quenching tests were carried
out using various radical scavengers such as ethanol (EtOH),
tert-butyl alcohol (TBA), p-benzoquinone (p-BQ), and r-histidine
to trap SO,*~, *OH, 0,* ", and '0,, respectively. To investigate
the reusability and stability of QS@PTh, the used QS@PTh was
centrifuged, washed with ethanol/distilled water, dried at 60 °C,
and then reused under the same conditions.

3. Results and discussion
3.1. Characterization

Fig. 1(a) displays the X-ray diffraction patterns of two samples:
QS and QS@PTh. In the case of QS, the X-ray diffraction pattern
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Fig. 1 The X-ray diffraction pattern of QS and QS@PTh (a), and the Fourier-transform infrared spectra of QS, PTh, and QS@PTh (b).

reveals distinct peaks at various angles, specifically 20.92°,
25.65°, 26.71°, 36.62°, 39.55° 40.37°, 42.53°, 45.88°, 50.22°,
54.93°, 59.99°, 64.06°, 67.76°, 68.38°, 73.58°, 75.68°, and
77.78°. These peaks correspond to the crystallographic planes
(100),(10-1),(110),(102),(111),(200),(201),(112),
(20-2),(21-1),(113),(300),(30—1),(104),(302),and
(2 2 0), respectively. These peaks align with the characteristic
reflections of Quartz (SiO,) as indicated by JCPDS card no 96-
900-9667.>> On the other hand, the XRD pattern of QS@PTh
reveals the same peaks as those of QS, albeit with reduced
intensities. Additionally, a new broad peak appears at 12.50°,
which corresponds to the (001) plane, indicating an amorphous
phase associated with the n-m stacking structure in polythio-
phene chains.”® This observation confirms the successful for-
mation of the QS@PTh composite.

The characteristic functional groups of QS, PTh, and
QS@PTh, were analyzed by FTIR (Fig. 1(b)). The spectrum of
QS exhibits distinct peaks at various wavenumbers. At
1022 cm ™', a prominent peak is observed, while another peak
is seen at 777 cm~'. These peaks can be ascribed to the
asymmetrical and symmetrical stretching vibrations of Si-O
bonds, respectively.>* Additionally, at 476 cm ™" and 690 cm ™,
peaks can be observed, corresponding to the asymmetrical and
symmetrical bending vibrations of Si-O bonds, respectively.>®
The peak at 541 cm™ ' is associated with the asymmetric
bending vibration of Si-O-Al bonds.”® Moreover, the peak
detected at 1438 cm ™" arises from the asymmetrical stretching
vibration of CO;>".*” Lastly, the presence of a peak at
1633 cm ™' and a broad band at 3425 cm™' indicates the
bending and stretching vibrations, respectively, of O-H groups
originating from water molecules adsorbed on the QS
material.?® In the case of polythiophene, the peak observed at
675 cm™ ' represents the C-S bending vibration.>® The peak at
783 cm™ ! is assigned to the out of plane deformation mode of
the C-H bond."® Moreover, the peaks at 1016 cm ™', 1107 cm ™/,
and 1199 em ' correspond to the out of plane bending vibra-
tion of C-H.?® The peak at 1323 cm™ " is ascribed to the C-C

1554 | Mater. Adv, 2024, 5,1552-1564

stretching vibration of the thiophene ring,*" while, the peaks
at 1539 cm ' and 1678 cm ' belong to the symmetric and
asymmetric stretching vibration of C=C bonds, respectively.**
The peaks at 3111 cm ™" and 3246 cm ™" are assigned to the C-H
asymmetric and symmetric stretching vibration in polythio-
phene, respectively.'® The band at 3431 cm™* is associated with
the O-H vibration of the adsorbed water. The QS@PTh compo-
site showed the same characteristic peaks of PTh with a small
shifting of the peaks to smaller wavenumbers, confirming that
thiophene was successfully polymerized on QS.*®

Fig. 2 presents surface morphology images of QS, PTh, and
QS@PTh composite. Upon observing the figure, it becomes
evident that QS (Fig. 2(a)) possesses a mostly rough surface with
a few cracks on its outer layer. On the other hand, pure PTh
(Fig. 2(b)) displays an irregular distribution and features a
porous surface. In Fig. 2(c), the morphology of QS@PTh reveals
the presence of prominently sized particles with a porous
surface, providing confirmation that QS is successfully coated
with PTh. The EDS-mapping analysis (Fig. 2(d)) displays the
percentage and distribution of the main constituents of
QS@PTh. The results reveal that eight elements (carbon, oxy-
gen, aluminium, silicium, sulfur, chlorine, potassium, and
iron) are evenly distributed on the surface of QS@PTh. These
elements encompass significant components from both quartz
sand (Si, O, Al, Cl, and Fe)**> and PTh (C and S), confirming the
successful preparation of the QS@PTh composite.

3.2. Catalytic performance of QS@PTh

3.2.1. Degradation of OG in various systems. Several
experiments were carried out to assess the effectiveness of
QS@PTh in removing OG from an aqueous solution. The
results are presented in Fig. 3(a), showing both the removal
efficiency and the corresponding rate constants. It is evident
that PMS alone had minimal impact on degrading OG, with a
constant rate of 8.9 x 10™* min~" after 60 min. This indicates
that PMS alone is not efficient in degrading OG.>? In contrast,
when QS@PTh was used without PMS, only approximately

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of QS (a), PTh (b), and QS@PTh (c); the EDS elemental mapping of QS@PTh (d).

14.5% of OG was eliminated after 60 min, with a constant rate
of 0.0028 min~", suggesting the negligible adsorption of OG
onto QS@PTh. The degradation efficiencies of QS/PMS and
PTh/PMS were approximately 15% and 23%, respectively.
Remarkably, when QS@PTh/PMS was utilized, nearly 100% of
OG was degraded within 60 min. Furthermore, the corres-
ponding reaction rate constant was raised from 0.0028 min "
and 0.0046 min~ ' for QS/PMS and PTh/PMS, respectively, to
0.0711 min ' for QS@PTh/PMS. These findings provide con-
firmation that QS@PTh effectively activates PMS, leading to
enhanced production of reactive oxygen species (ROS) for
degrading OG molecules.

3.2.2. Factors affecting degradation of OG by QS@PTh. To
assess the catalytic performance of QS@PTh/PMS in degrading
OG, several factors including the PMS dose, catalyst dose,
initial OG concentration, initial pH, and temperature were
investigated. The results, depicted in Fig. 3, provide insight
into these factors.

As displayed in Fig. 3(b), an increase in the PMS dose from 1
to 2.5 mM led to a corresponding increase in OG degradation
efficiency from 43.82% to 100%, accompanied by an increase in
kapp from 0.0089 to 0.1304 min . This could be ascribed to the
generation of more reactive oxygen species (ROS) as the PMS
dose increased,®® thereby promoting the degradation efficiency.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Nevertheless, it is worth noting that beyond a PMS dose of
1.5 mM, only a slight increase in k,p,, was observed. Taking cost
into consideration, 1.5 mM was determined to be the optimal
PMS dose for subsequent experiments.

Referring to Fig. 3(c), as the catalyst dose increased from 0.1
to 0.4 g L', the degradation rate of OG increased from 76.97%
to 100%. Furthermore, the associated reaction rate constant
also increased from 0.0215 to 0.2137 min~". These results can
be attributed to the increased number of active sites resulting
from the higher catalyst dose, thereby enhancing the degrada-
tion rate.>*®> Nevertheless, when the catalyst dose was
increased to 0.2 g L', the removal rate of OG was not
dramatically increased, revealing that 0.2 g L™" can be chosen
as the optimal catalyst dose.

To examine the influence of initial solution pH values on OG
degradation, a thorough investigation was conducted. As
depicted in Fig. 3(d), it was observed that more than 97% of
OG was degraded within 60 min in the QS@PTh/PMS system
when the initial pH values ranged from 3.6 to 9.6. The corres-
ponding rate constant, k., for OG degradation across different
pH values fell between 0.0530 and 0.0967 min . This indicates
that the pH level has a minimal impact on the stability of
QS@PTh, allowing the generated radicals to remain active
under various pH conditions.*® From Fig. $2 (ESI), it can be

Mater. Adv,, 2024, 5,1552-1564 | 1555
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Fig. 3 Degradation of OG and the associated reaction rate constants in various systems (a); effects of various factors on OG degradation: PMS (b),

QS@PTh dose (c), pH (d), OG concentration (e), and temperature (f).

seen that the pHp,,. of QS@PTh is 8 which means that QS@PTh
carries a positive charge when the pH is below 8 and a negative
charge when the pH exceeds 8. Notably, the apparent rate
constant (k,pp) exhibits its highest values at approximately pH
7.6, which is in proximity to the point of zero charge. Con-
versely, under acidic and alkaline conditions, the k,p, values
decrease. This phenomenon can be attributed to the pK, value

1556 | Mater. Adv, 2024, 5,1552-1564

of peroxymonosulfate (pK, = 9.4), signifying that HSO5~ pre-
vails within the pH range of 3.6 to 7.6.°® Under acidic condi-
tions, the decrease in k,p, can be ascribed to interactions
between H' ions and the more electronegative PMS, resulting
in weaker repulsion at the interface between HSOs~ and the
positively charged surface of QS@PTh.>” This leads to a
reduced efficiency in degrading Orange G dye. Under alkaline

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions, the decrease in degradation efficiency is due to
the self-decomposition of HSOs;~ based on eqn (1).***° In
summary, these results highlight the exceptional pH adaptabil-
ity of QS@PTh, demonstrating its effectiveness across a wide
PH range.

2HSOs~ + OH™ — 280,>” + H,0 + O, (1)

Based on Fig. 3(e), it is evident that an increase in the initial
OG concentration from 25 to 100 mg L™ led to a decrease in
the degradation efficiency from 100% to 89.56%. Similarly,
their corresponding rate constant, k,pp, dropped from 0.1857
to 0.0339 min~'. This observation can be explained by two
factors: first, the generation of degradation intermediates,
which compete with the OG molecules,”® and second, the
occupation of available reactive sites on the QS@PTh surface,
hindering the mass transfer from OG to QS@PTh.*""*> However,
even for an initial concentration of 100 mg L', QS@PTh
demonstrates high efficiency by removing 89% of Orange G,
suggesting that QS@PTh is an efficient catalyst for PMS
activation.

Generally, employing polymer-based catalysts can effectively
activate PMS to degrade diverse organic pollutants such as
pharmaceuticals, pesticides, and organic dyes. Table 1 com-
pares the performance of the QS@PTh composite catalyst with
other conducting polymer-based catalysts as activators for
peroxymonosulfate (PMS) in the degradation of various
organic contaminants. By comparing the degradation efficien-
cies achieved under different conditions, it becomes evident
that the QS@PTh composite exhibits superior catalytic perfor-
mance compared to other conducting polymer-based catalysts.
It demonstrates higher degradation efficiencies, even at lower
catalyst and oxidant concentrations, as well as at milder reac-
tion temperatures and a broad pH range. These findings
underscore the exceptional potential of the QS@PTh composite
as a potential and versatile catalyst for PMS activation and
degradation of diverse organic contaminants, offering promis-
ing prospects for application in environmental remediation.

From Fig. 3(f), it can be seen that an increase in temperature
from 20 °C to 40 °C improved the degradation efficiency of OG,
with a rate reaching 99.31% at 20 °C within 60 min and 100% at
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40 °C within 30 min. Additionally, the associated rate constant
rose from 0.0723 to 0.2635 min . These findings suggest that
higher temperatures facilitate the breaking of the O-O bond
and the creation of SO,*.*” To determine the activation energy
(E,), the Arrhenius equation (eqn (2)) was employed by plotting
Ln (kapp) against 1/7, as depicted in Fig. S2 (ESIt). The equation
is defined as follows:

E,
LnKupp = Lnd — R—aT

@)
Here, A represents the pre-exponential parameter (min~'), E,
denotes the activation energy (KJ mol '), R stands for the ideal
gas reaction constant (8.314 k] mol~ " K™ '), and T indicates the
temperature (K). The activation energy (E,) reflects the relative
ease of pollutant degradation. For QS@PTh/PMS, the value of
the activation energy is 51.24 k] mol ', which exceeds the
typical range of activation energy for diffusion-controlled reac-
tions (10-13 kJ mol ). This suggests that the apparent reaction
rate for this process is primarily influenced by the intrinsic
chemical reactions occurring on the QS@PTh surface, rather
than being influenced by the rate of mass transfer.*®

Table 2 presents a comparison of the activation energy
values for different catalysts in combination with the PMS
system for OG degradation. Notably, the E, value for
QS@PTh/PMS was considerably lower than that reported for
other systems, indicating that the oxidation process facilitated
by QS@PTh/PMS is more favorable and holds great promise for
catalytic applications.

3.2.3. Application for other organic pollutants and real
water. To assess the catalytic efficiency of QS@PTh in activating
peroxymonosulfate (PMS) for the elimination of diverse organic
contaminants, degradation experiments were conducted on
various pollutants such as MO, RhB, and BPA. As illustrated
in Fig. 4(a), the results reveal that the degradation rates for the
majority of these pollutants exceeded 83% within a relatively
short period of 60 min. This underscores the impressive cap-
ability of QS@PTh in expediting the breakdown of PMS, gen-
erating the active species crucial for oxidizing a broad spectrum
of organic pollutants. Furthermore, the practical applicability
of QS@PTh was evaluated under real conditions by examining
its catalytic activity in tap water (TW) for the degradation of OG.

Table 1 The performances of conducting polymer-based catalysts as activators of PS/PMS for the degradation of different organic contaminants

Pollutant Catalyst Oxidant Reaction Degradation
Pollutants  Catalysts concentration (mg L") dose (g L") dose (mM) pH time (min) T (°C) efficiency (%) Ref.
Orange G QS@PTh 50 0.2 1.5 (PMS) 5.6 60 20 99.31 This
study
Orange G N doped carbon (NC) 50 0.2 4 (PS) 5 24 25 80 9
Orange G S doped carbon (SC) 50 0.2 4 (PS) 5 24 25 100 9
Orange G N and S co-doped carbon (NSC) 50 0.2 4 (PS) 5 15 25 100 9
Orange G PANI@Alg 50 0.2 4 (Ps) 52 30 25 100 43
Orange G PPY@Alg 50 0.2 4 (PS) 52 35 25 100 43
Orange G~ HS@PANI 50 0.2 4 (PS) 6.3 60 20 100 17
Orange G HS@PPY 50 0.2 4 (PS) 6.3 60 20 100 17
Phenol CPANI-9 941.1 0.025 0.5 (PMS) 7 10 25 100 44
Phenol CPPy-F-8 20 0.1 3.25 (PMS) 2.8 120 25 97 45
Tetracycline Co;0,/CPANI 20 0.15 1.5 (PMS) 5.5 40 25 92.11 33
Tetracycline Fe;0,@PANI-p 20 0.4 4 (PMS) 5 90 30 89.8 46
© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2024, 5,1552-1564 | 1557
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Table2 Comparison of the activation energy values for different catalysts
in combination with the PMS system for OG degradation

Active E,
Catalysts Pollutants agent (KJ mol ') Ref.
QS@PTh Orange G PMS 51.24 This study
NH,OH/Fe;0, Orange G PMS 54.8 49
Magnetic MnFe,0,/0-MnO, Orange G PMS 66.90 50
Fe** Orange G PMS 92.2 51
Carbon nanotubes Orange G PMS 88.45 52

The findings shown in Fig. 4(b) indicate a degradation rate of
78.51% in 60 min. The lower degradation rate in tap water
compared to that in distilled water can be attributed to the
presence of several organic and inorganic compounds in the
solution,® which are known to pose challenges and can restrict
catalytic performance. Nevertheless, these overall results under-
score the potential of QS@PTh as an effective catalyst for the
oxidation of a wide range of organic pollutants. Future studies
could explore optimization strategies to enhance its perfor-
mance in complex aqueous matrices.

View Article Online
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3.2.4. Orange G mineralization by COD analysis. To exam-
ine the mineralization efficiency of the Orange G dye during the
QS@PTh/PMS/OG operation, the alteration in chemical oxygen
demand (COD) concentration was monitored. Based on
Fig. 4(c) and (d), it is evident that after a 60 min reaction
period, a 79.4% COD removal efficiency is observed, accompa-
nied by a 99.5% decolorization efficiency. Notably, the decrease
in color was markedly higher compared to COD removal,
consistent with previous research findings.>**® This disparity
is ascribed to the greater difficulty in oxidizing intermediate
products compared to their original compounds, resulting in a
notably slower reaction rate during oxidation.>* Additionally, it
can be inferred that the QS@PTh/PMS catalyst exhibited con-
siderable COD removal efficiency, reflecting its capability to
activate PMS and generate an excess of radicals in the process.

3.3. Reusability of QS@PTh

To evaluate the suitability of QS@PTh for wastewater treat-
ment, its reusability and stability were thoroughly examined.”®
A total of five consecutive tests were conducted under identical
experimental conditions, including 1.5 mM of PMS, 0.2 ¢ L™ " of
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Fig. 4 Catalytic degradation of various organic pollutants in the QS@PTh/PMS system (a); OG degradation under real conditions (b); and OG

mineralization by COD analysis (c) and (d).
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QS@PTh, [0G], = 50 mg L™, initial pH of 6.0 (unadjusted), and
a temperature of 20 °C. Following each cycle, the catalyst was
collected, subjected to washing with distilled water and etha-
nol, and subsequently dried at 60 °C before reuse. The results
displayed in Fig. 5(a) reveal that the degradation rate of OG
utilizing the QS@PTh/PMS system decreased from 99.37% (1st
run) to 97.48% (2nd run), 94.85% (3rd run), 91.54% (4th run),
and 88.68% (5th run). The slight decrease in the OG degrada-
tion in the cyclic experiments of QS@PTh was probably due to
the occupation of catalytic sites by the adsorbed OG and the
reaction intermediates.’>?*** These outcomes confirmed that
QS/PTh removes a significant amount of OG even after five
recycles, making it a suitable catalyst for practical applications.

3.4. Reactive oxygen species (ROS) analysis and activation
mechanisms

To obtain a more profound insight into the degradation
process, quenching experiments were conducted to investigate
the major reactive oxygen species generated in the QS@PTh/
PMS system. For this purpose, specific agents were introduced
into the reaction mixture: Ethanol was used to quench *OH and
804"~ (K-omecon = 10° M 57", Ksos—/pon = 107 M s71)%%

)
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TBA was employed to quench °*OH (K-opra = 6.0 X
10° M~" 57').>” The contribution of freely diffused SO,*~ was
concluded from the difference between the OG removal effi-
ciency after adding EtOH and after adding TBA.>® Additionally,
P-BQ served as a scavenger of O,*" (Kos/p-g = 9 X
10® M~ s7").° Moreover, 1-histidine acted as a scavenger of
10, (k1o /L nistidine = 10° M ™" s7).** These additions were made
to determine the primary species responsible for the degrada-
tion of Orange G in the QS@PTh/PMS system. The results
presented in Fig. 5(b) demonstrate a degradation efficiency of
99.6% for the QS@PTh/PMS system, accompanied by a rate
constant of 0.0776 min~". After the addition of EtOH and TBA
to the system, the degradation rates decreased to 68.51% and
78.4%, respectively. Correspondingly, the rate constants (kapp)
were reduced to 0.0175 min~* and 0.0209 min !, indicating the
involvement of *OH and SO,* in the reaction process. These
findings suggest that both *OH and SO,*~ played a role in the

degradation of Orange G in the QS@PTh/PMS system. However,
when P-BQ and was added to the system, the removal rate

(99.65%) and the rate constant (kapp = 0.0752 min~ ') remained
almost constant, which means that the contribution of O,°*" is
excluded. It is important to note that benzoquinone can
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Fig. 5 Stability and reusability of QS@PTh (a), the effect of different radical scavengers on OG degradation and the corresponding reaction rate
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activate peroxymonosulfate to produce singlet oxygen, which
can potentially influence the determination of the degradation
mechanism.” Chloroform was also utilized as a scavenger for
0,*" (Kog- /Chioroform = 10" M™' s 71) to confirm the contribu-
tion of superoxide ion radicals in the degradation process.’®"*°
The results showed a removal rate of 94.4% and a rate constant
of 0.0422 min ', suggesting a limited contribution of O,* in the
degradation process. Furthermore, when r-histidine was
introduced into the reaction system, the degradation efficiency
and the rate constant were reduced to 49.71% and
0.0084 min~", respectively. Significantly, the ranking of inhibi-
tion in OG removal efficiency can be described as follows:
t-histidine > EtOH > TBA > p-BQ, thereby confirming that
'O, served as the primary ROS in the degradation process,
aligning with prior research findings.®® Furthermore, the
employment of PBN (phenyl-tert-butylnitrone) and TEMP
(2,2,6,6-tetramethylpiperidine) in trapped electron paramag-
netic resonance (EPR) tests serves to corroborate the principal
reactive oxygen species (ROS).>**°* PBN proves to be an effec-
tive scavenger, effectively inhibiting hydroxyl radicals (*OH)
and sulfate radicals (SO,* ), while TEMP serves as a scavenger
for probing the signal of singlet oxygen ('0,).** As demon-
strated in Fig. 5(c) and (d), when the catalysts are absent and
only PMS is introduced into the reaction solutions, no distinc-
tive signals are detected upon the addition of the spin-trapping
agents (PBN, TEMP). However, with the introduction of
QS@PTh into the system, characteristic EPR spectra emerge,
depicting the adduct signals PBN-SO,*~ and PBN-*OH. Addi-
tionally, as illustrated in the figure, the presence of the catalysts
elicits a characteristic three-line signal, manifestingasa1:1:1
triplet in the TEMP agent, attributable to the TEMP-'O,
adduct.®* Consequently, these findings conclusively establish
that the principal reactive species within the current systems
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encompass SO,*~ and *OH from the radical pathway, as well as
'0, originating from the non-radical pathway.

3.5. Catalytic mechanisms

As reported in the scientific literature, the key factor in activat-
ing PMS is the breaking of the superoxide O-O bond.*® Thus, it
became valuable to establish a pathway for electron flow
between the catalyst’s active sites and PMS. Building upon this
theoretical framework and in light of the experimental data (see
Fig. 5(b)-(d)), the activation pathways of PMS by QS@PTh were
posited as a dual process involving both radical (minor) and
non-radical (major) routes. The successful synthesis of
QS@PTh was validated through comprehensive characteriza-
tion studies. In this study, quartz sand was employed exclu-
sively as a support material, suggesting that oxidation reactions
primarily occurred between PTh and PMS. Polythiophene (PTh)
possesses a conjugated system of alternating single and double
bonds along its polymer backbone.®® The sulfur atoms in
polythiophene play a crucial role in activating PMS for the
degradation of organic contaminants.®” These sulfur atoms
act as redox-active centers, facilitating electron transfer pro-
cesses and initiating the generation of sulfate radicals (SO,* ")
and hydroxyl radicals (*OH) from PMS (eqn (3) and (4)).
Consequently, the oxidation of organic substances can be
attributed to the transfer of electrons from the quartz-
sand@polythiophene composite (QS@PTh) to PMS. On the
other hand, the SO,*, *OH, and QS@PTh-S** radical cations
formed after electron transfer to PMS can react with HSO5™
molecules to produce the sulfate radical anion SO5*~ (eqn (5)-
(7)).°%%% Moreover, the SOs*~ formed in the system can react
with H,O and HSO; " to yield singlet oxygen 'O, (eqn (8) and
(9)).>*°° Overall, in the QS@PTh/PMS system, the degradation
of OG was due to the combined effects of both radical species
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(*OH and SO,* ") and non-radical species ('0,), where 'O, was
the dominant active species. A portion of the OG was trans-
formed into carbon dioxide (CO,) and water (H,O). The remain-
ing fraction underwent degradation, and the resulting
intermediates were adsorbed by the QS@PTh composite.*

QS@PTh-S + HSO5~ — QS@PTh-S*" + SO,°” + OH™  (3)
QS@PTh-S + HSO;~ — QS@PTh-S*" + SO,>~ + *OH  (4)
QS@PTh-S*" + HSO5~ — QS@PTh-S + H' + SO5°~ (5)

SO,*” + HSOs~ — SO5°~ + H' + S0, (6)

*OH+ HSO;~ — H,0 + SO5°*~ 7)

2S05°~ + H,0 — 2H" + 250,%” + 1.5 10, (8)

SOs*~ + HSO5~ — HSO,” + S0,*~ + '0, 9)

ROSs + OG — Intermediates + CO, + H,O  (10)

In light of the aforementioned findings, a mechanism illustrat-
ing the activation of PMS by QS@PTh for the OG degradation
was proposed, as depicted in Fig. 6.

Conclusions

This study explores the use of a quartz-sand@polythiophene
composite as a highly efficient catalyst for activating PMS in the
degradation of the Orange G dye. The composite material
was synthesized using a facile and cost-effective method, com-
bining the unique properties of both quartz sand and poly-
thiophene. The effects of various factors, such as PMS
concentration, catalyst dosage, pH, initial concentration of
OG, and temperature, were systematically investigated. The
results revealed that the QS@PTh/PMS composite exhibited
excellent catalytic activity, achieving a 99.5% degradation effi-
ciency of OG (50 mg L™ ') and an 79.4% reduction in COD
within 60 min, under specific optimized conditions: 1.5 mM
PMS concentration, 0.2 g L' of QS@PTh, a pH of 5.6, and a
temperature of 20 °C. Furthermore, the results indicated that
QS@PTh/PMS displayed high catalytic activity over a broad pH
range and outperformed other catalysts with an activation
energy of 51.24k] mol~ ' for OG degradation. On the other
hand, QS@PTh/PMS has shown very good performance in the
degradation (>83%) of different pollutants (MO, RhB, and
PBA). Additionally, the degradation experiments in real water
showed a degradation rate of 78.51% in 60 min. Furthermore,
the catalyst exhibited outstanding stability and reusability,
maintaining its catalytic activity even after five consecutive
cycles. The degradation mechanism was investigated through
the examination of reactive species using quenching experi-
ments and EPR analysis. The results demonstrated the involve-
ment of SO,*, *OH, and 'O, in the degradation of OG by
the QS@PTh/PMS system. Overall, this study highlights the
significant potential of the QS@PTh composite as an
effective catalyst for Orange G degradation using PMS as an
oxidizing agent. The findings contribute to the advancement of
environmentally friendly and sustainable solutions for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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remediation of wastewater, opening new avenues for the
application of composite catalysts in advanced oxidation
processes.
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