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Abstract: The development of efficient heterogeneous persulfate activators is one of the main research
topics in the wastewater treatment area. The present work deals with the heterogeneous activation of
sodium persulfate (SPS) using nickel oxide/strontium carbonate (NiO/SrCO3) for the degradation
of sulfamethoxazole (SMX), a representative compound from the group of antibiotics. Results
showed that NiO/SrCO3 exhibited high performance towards the activation of SPS, leading to SMX
elimination in brief time spans. The impact of SPS (25–100 mg/L), NiO/SrCO3 (50–250 mg/L),
and SMX (0.25–3.00 mg/L) concentration, and initial pH on the decomposition of SMX was further
examined. Experiments were also conducted in real matrices such as secondary effluent and bottled
water, revealing the existence of retarding phenomena compared to ultrapure water. This behavior
was further investigated with the addition of bicarbonates, chlorides, or humic acid in ultrapure water.
It was found that organic matter significantly hampered SMX removal. The role of the main radicals
(hydroxyl and sulfate radicals) was determined using appropriate radical traps (methanol and tert-
butanol). These quenching experiments combined with the conducted electrochemical measurements
revealed that both a radical and a non-radical mechanism contribute to the decomposition of SMX.

Keywords: persulfate-based advanced oxidation processes (sr-aops); water matrix; catalytic materials;
pharmaceuticals; radical and non-radical mechanism

1. Introduction

Persulfate is a strong oxidizing agent widely used in environmental fields like water
purification and soil remediation [1]. In its pure form, persulfate has relatively low reactiv-
ity; however, it can be activated, producing sulfate radicals (SO4

•−) characterized by high
reactivity and participation in degradation reactions of inorganic and organic pollutants [2].
The desirable characteristics of SO4

•− led to the development of a new subcategory of ad-
vanced oxidation processes (AOPs), named sulfate radical-based AOPs (SR-AOPs), where
SO4

•− are produced either exclusively or together with hydroxyl radicals [2]. When com-
pared to other AOPs, SR-AOPs offer several advantages such as minimized byproducts
formation, ease of application and compatibility with existing infrastructure. In addition,
besides its well-documented applications in micropollutants removal from aqueous media,
some recent studies have focused on diverse sustainability applications of persulfate tech-
nologies. These applications encompass a range of areas, including managing solid waste,
extracting metals, and facilitating materials circulation [3,4].

Persulfate can be activated through energy input (thermal, radiation, sonochemi-
cal/electrochemical), transition metal ions (iron, cobalt, copper, silver), alkali [5], and
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heterogeneous activators [6]. In addition, today sonochemical activation has sparked in-
creasing interest as an alternative activation method. In that case, the ultrasound’s energy is
not employed directly by the liquid reactants. Instead, the impact of ultrasound occurs via
a phenomenon referred to as cavitation. This process encompasses the creation, expansion,
and forceful implosion of voids [7,8]. This leads to the development of hybrid systems, such
as cavitation combined with photocatalysis, showing enhanced oxidation efficiency [9].
However, among persulfate activation methods, heterogeneous activation appears to be
the most effective method, mostly because it has minimal energy requirements, and pro-
vides facile separation and reusability of the catalytic materials [10]. The benefit deriving
from this fact is twofold. Firstly, the metal leaching observed in homogeneous activation
methods is now minimized, and secondly, the operational costs are reduced due to catalyst
recovery. In addition, heterogeneous persulfate activation can significantly enhance the
overall efficiency of such degradation systems, as the presence of solid catalysts provides
additional active sites for persulfate activation. However, it should be noted that hetero-
geneous catalysts should be characterized by high stability in order to be recovered and
reused, reducing their environmental impact.

Numerous investigations have documented the heterogeneous activation of persulfate,
and the activation means can be categorized into two main groups: (i) Carbon-based mate-
rials, including well-known materials such as activated carbon [11], carbon nanotubes [12],
or even graphene [13]. Such materials are considered promising persulfate activators as
they provide a high surface area, facilitating the interaction between persulfate and target
pollutants [14]; (ii) Catalytic materials such as metal oxides [15], metal phosphides [16],
metal-organic frameworks [17] or monolith catalysts with 3D hierarchical structures like
δ-MnO2 immobilized on 3D nickel foam or 3D α-Co(OH)2 nanosheets developed on robust
nickel foam (NF) [18,19]. These catalysts can enhance sulfate radicals production through
redox reactions with persulfate, accelerating the oxidation of contaminants [6].

Recently, the development of heterogeneous catalytic materials for persulfate activa-
tion has been the focus of research in the water treatment area. Copper, cobalt, and iron
oxides have already shown interesting results. For example, elimination of tetracycline in
water with the use of a persulfate-activated system was studied by Cao et al., using zero-
valent iron [20]. Sulfadiazine, another pharmaceutical degradation, was also successfully
achieved using zero-valent iron as a persulfate activator [21]. In addition, nano-zero valent
iron immobilized on organo-montmorillonite was synthesized and tested for persulfate
activation for sulfamethazine degradation in water [22], while Lei et al. pointed out the
advantages deriving from a bimetallic catalytic material, such as CuO-Fe3O4, in phenol
removal from wastewater [23]. Considering cobalt-based activators, many configurations
such as cobalt oxides, cobalt hydroxides, metal-organic frameworks, etc., have been tested
and shown promising results [24,25]. However, it is still important to reduce cobalt ion
leaching and enhance the stability of such catalytic materials across a wide pH range.

A significant contribution in the field was made by Zhang et al., who studied a
CuO/persulfate oxidation system using 2,4-dichlorophenol as the model compound and
showed that the peroxydisulfate activation process did not involve SO4

•− generation [26].
In general, the persulfate activation process entails the creation of SO4

•− through electron
transfer from the transition metal to persulfate, followed by subsequent reactions between
the sulfate radicals and water to form •OH. However, in the case of CuO, a non-radical
mechanism may take place through reactive complexes formation between persulfate and
the activators (such as CuO). A subsequent investigation of the CuO/persulfate system
resolved previous observations and indicated that there may be a blend of radical and
non-radical mechanisms taking place [27].

However, apart from these well-studied transition metals, the activity of other metal-
based catalytic materials remains scarcely reported. Specifically, considering nickel-based
catalytic materials that are widely adopted in typical catalytic processes, there are only a
very few studies dealing with their use as heterogeneous persulfate activators. In particular,
Jiang et al. synthesized nickel stannate–reduced graphene oxide (Ni2SnO4–RGO) compos-
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ites and incorporated them in a heterogeneous activation persulfate system for bisphenol A
degradation in water. Experiments carried out with appropriate radical scavengers showed
that both SO4

•− and •OH) participate in degradation reactions, with the former playing the
leading role [28]. Another group studied the efficiency of NixCo3−xO4 for the bisphenol A
and tetracycline decomposition. The researcher found that it possesses higher efficiency than
NiO and Co2O3 [29]. Moreover, nickel was mixed with lanthanum oxide, forming perovskite
phases showing appreciable activity and stability. Very recently, Kim et al. demonstrated a
non-radical activation mechanism in the case of Ni–NiO nanocomposites [30]. Furthermore,
oxygen vacancies-rich NiO could activate persulfate by a non-radical mechanism leading to e
fast phenol elimination [31]; this hypothesis was further verified by Xie et al., studying sul-
famethoxazole degradation in water using pompon-like NiO microspheres as a heterogeneous
persulfate activator [32].

On the other hand, many researchers stated that the persulfate activation mechanism
in the case of NiO should include SO4

•− formation, as the Ni2+/Ni3+ redox potential
allowed Ni2+ to react with persulfate generating SO4

•− [33–35].
The above-mentioned contradictory conclusions regarding the use of NiO as a hetero-

geneous persulfate activator indicate the need for further research. Within this framework,
NiO/SrCO3 was chosen as the heterogeneous persulfate activator in this study. Consid-
ering strontium-based materials, Gkika et al. investigated sulfamethoxazole degradation
in water with the use of lanthanum strontium cobaltite perovskite oxide [36], whereas
Miao et al. synthesized SrCo1−xTixO3−δ perovskite oxides and reported their efficiency
towards persulfate activation for phenol degradation [37]. In addition, strontium has
been used as a promoter in different catalytic configurations, such as BiFeO3 [38] and
LaFeO3 [39].

This is the first time that such a catalytic configuration has been used for persulfate
activation. The ability of NiO/SrCO3 to activate SPS was investigated in terms of degrading
the antibiotic sulfamethoxazole (SMX) in ultrapure water (UPW). SMX has been detected
in concentrations ranging from nanograms per liter to milligrams per liter in treated
effluents [40,41]. The persistence of SMX in the environment can lead to potential ecological
harm, as it may disrupt the balance of aquatic ecosystems, affecting various organisms,
including algae, fish, and other aquatic life. Moreover, it can boost the growth of antibiotic
resistance in bacteria, having fatal implications for human health [42].

NiO/SrCO3 was synthesized following a combustion method, while BET, XRD, and
TEM techniques were used for the catalyst characterization. The effectiveness of the
NiO/SrCO3/SPS system for SMX removal was reported not only in ultrapure water (UPW)
but also in real and synthetic water matrices, such as treated effluent (WW) and bottled
water (BW).

2. Materials and Methods
2.1. Chemicals and Aqueous Media

Table 1 summarizes the chemicals (Sigma Aldrich, Merck KGaA, Darmstadt, Germany
and/or its affiliates) used in this work.

Table 1. Chemicals employed in this work.

Name Formula CAS Number

Sulfamethoxazole, SMX C10H11N3O3S 723-46-6

Sodium persulfate, SPS Na2S2O8 7775-27-1

Methanol CH3OH 67-56-1

Sulfuric acid H2SO4 7664-93-9

Sodium hydroxide NaOH 1310-73-2

Sodium bicarbonate NaHCO3 144-55-8

Sodium chloride NaCl 7647-14-5
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Table 1. Cont.

Name Formula CAS Number

Humic acid - 1415-93-6

Tert-butanol (CH3)3COH 75-65-0

Strontium nitrate, 99.995%
trace metals basis Sr(NO3)2 10042-76-9

Nickel (II) nitrate hexahydrate,
99.999% trace metals basis Ni(NO3)2·6H2O 13478-00-7

Citric acid C6H8O7 77-92-9

Ammonium nitrate NH4NO3 6484-52-2

Ammonia NH3 7664-41-7

In the majority of the experiments presented in this study, ultrapure water (UPW, Mil-
lipore Milli-Q Gradient A10) was used as the water matrix. However, in some experiments,
treated effluent (WW) from the wastewater treatment plant of the University of Patras and
commercially available bottled water (BW) were examined as environmental matrices. The
physicochemical characterization of aqueous matrices is shown in Table 2.

Table 2. Water matrices’ characteristics.

Parameter WW BB UPW

pH 8 7.5 6

Conductivity
[µS/cm] 0.33 0.39 0.012

Alkalinity [mg/L] 190 152 -

Sulfates [mg/L] 33 15 -

Chlorides [mg/L] 69 9.8 -

Bicarbonates [mg/L] 190 209 -

TOC [mg/L] 7 - -

COD [mg/L] 21 - -

2.2. NiO/SrCO3 Synthesis

The preparation of NiO/SrCO3 took place by the in situ ignition method [43]. First,
the precursor compounds Sr(NO3)2 and Ni(NO3)2 were diluted under stirring to triple
distilled water. Then, a solution of citric acid, C6H8O7, and ammonium nitrate, NH4NO3,
was added and the solution was continuously stirred. Appropriate amounts of NH3 were
added (pH = 9) in order to neutralize the excess of citric acid, followed by heating through
the hot plate under stirring.

When the water had evaporated, the container was heated vertically and circumferen-
tially using a heat gun from a distance of 5 cm.

The mixture ignited into a thin crust and crumbled into a fine powder. Finally, it was
calcined in air for 5 h at 700 ◦C [44]. The obtained wt.% of NiO was equal to ca. 33.

2.3. NiO/SrCO3 Physicochemical Characterization Techniques

The crystal structure of NiO/SrCO3 was examined using X-ray diffraction (XRD)
through an A Brucker D8 Advance device (Billerica, MA, USA) equipped with a Cu Kα

source (wavelength λ = 1.5496 Å). For the purpose of capturing transmission electron mi-
croscopy (TEM) images, a JEOL JEM-2100 system (Tokyo, Japan) at 200 kV was employed,
offering a resolution of 0.23 nm for point measurements and 0.14 nm for lattice measure-
ments. The specific surface area (SSA) was estimated using the Brunauer–Emmett–Teller
(BET) method, employing a Gemini III 2375 instrument from Micromeritics [45].
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2.4. Analytical Methods and Experimental Procedures

The SMX oxidation was investigated within a 250 mL cylindrical Pyrex reaction
container exposed to the atmosphere. At first, the vessel was loaded with a solution
(volume 120 mL) with the selected concentration of SMX, followed by the addition of pre-
measured SPS and NiO/SrCO3 loading. The degradation tests were performed at 25 ◦C
without regulating the solution’s pH, and continuous magnetic stirring was maintained
throughout the process.

To analyze the samples, 1.2 mL portions were withdrawn from the vessel at specific
times. These samples were mixed with methanol to stop the reaction, filtered, and subjected
to analysis using high-performance liquid chromatography (HPLC). The HPLC system
utilized for this purpose consisted of an Alliance 2695 HPLC system connected with a
Waters 2996 photodiode array detector. Separation was achieved using a Kinetex column
(C18 100A, 150 mm × 3 mm; 2.6 µm particle size, Phenomenex (Torrance, CA, USA)
thermostated at 45 ◦C.

For the investigation of the combined activation of persulfate by NiO/SrCO3 and
simulated solar light irradiation, additional tests were performed using an Oriel, LCS-100
solar simulator equipped with a 100 W Xenon arc lamp.

2.5. Electrochemical Characterization
2.5.1. Electrochemical Measurements

Electrochemical analysis was carried out implementing an PGSTAT128N Auto lab poten-
tiostat (Utrecht, The Netherlands) at room temperature (ca. 25 ◦C) in a three-electrode setup
using 0.1 M Na2SO4 as the electrolyte, while a Ag/AgCl (3 M KCl) purchased from (Metrohm
A.G., Herisau, Switzerland) served as the reference electrode and a Pt wire served as the
counter electrode. The working anodic electrode was the examined NiO/SrCO3 material de-
posited on FTO (NiO/SrCO3/FTO), whose preparation is described in detail in the following
section. Electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV)
measurements were performed in order to examine the potential effect of an electron transfer
mechanism to SMX elimination [46,47]. LSV and EIS experiments were performed using the
electrolyte solution of only the examined catalyst (NiO/SrCO3/FTO), with the presence of the
catalyst and amount of SPS as well as when in the presence of the catalyst and amounts of
SPS and SMX. LSV curves were obtained by scanning linearly the applied potential from the
open circuit potential (OCP) value (−0.2 V vs. Ag/AgCl) to 1.5 V vs. Ag/AgCl applying a
potential scan rate equal to 50 mV s−1 whereas EIS data were recorded under OCP conditions
in the frequency range 0.1 to 100 kHz and with an amplitude perturbation of 0.01 V.

2.5.2. Synthesis of NiO/SrCO3/FTO Working Electrode

The NiO/SrCO3 was immobilized as a thin film on a coated glass of high conductive
fluorine—doped tin oxide. The deposition was performed employing a suspension of 100 mg
NiO/SrCO3, 1.2 mL ethanol and 0.4 mL of 5 wt.% Nafion® ionomer solution (Sigma Aldrich,
St. Louis, MO, USA). The mixture was ultrasonicated for 30 min in a sonochemical bath
(Bandelin electronic GmbH & Co. KG, Berlin, Germany) in order to obtain the desired homo-
geneity [48]. The Nafion solution was used for electrode stability enhancement and maintenance
of the thin film uniformity. The deposition of the aforementioned suspension on the FTO surface
was performed via drop-casting and subsequent drying overnight at 75 ◦C. The prepared elec-
trode surface area and the resulting areal density were ca. 1 cm2 and 10 mg/cm2, respectively.

3. Results and Discussion
3.1. Physicochemical Characterization

Figure 1 shows thee X-ray diffraction spectrum of the NiO/SrCO3 sample. It is
observed that the spectrum consists of peaks corresponding to the SrCO3 orthorhombic
structure (JCPDS No 05-0418). Furthermore, the peaks at 37.4◦ and 43.5◦ correspond to
NiO (JCPDS No. 1-1239), verifying the successful formation of the composite material. The
SSA of NiO/SrCO3 was estimated at ca. 5 m2/g.
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Figure 1. XRD pattern of NiO/SrCO3.

The morphology together with the particle size of the as prepared material was further
investigated by TEM images (Figure 2). It was observed that NiO/SrCO3 is made up of
spherical-like nanoparticles with an estimated average diameter of approximately 31 nm
(Figure 2C). Moreover, it could be stated that the particle size distribution (Figure 2C) is
rather broad, including particles from 10 to ca. 65 nm.
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3.2. Effect of Experimental Conditions on SMX Removal in the NiO/SrCO3/SPS System

In the domain of SR-AOPs, the ability of nickel oxide (NiO) to activate sodium persulfate
(SPS) efficiently has exhibited inherent limitations, thereby compelling researchers to seek
diverse modifications to enhance its efficacy [30,49]. Acknowledging this significant challenge,
the present scientific study endeavors to address this limitation by fabricating a novel compos-
ite material that combines nickel oxide with strontium carbonate (NiO/SrCO3). The primary
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objective of this synthesis is to achieve successful activation of SPS for the SMX elimination.
Because the latter serves as a representative antibiotic compound, the proposed system could
offer a promising approach to environmental remediation.

In the preliminary stage of our research effort, a thorough investigation was conducted
to scrutinize the impact of crucial operating parameters, like catalyst loading, SPS concen-
tration, SMX concentration, and the solution initial pH. It is important to highlight that
according to the literature, the reaction is governed by pseudo-first-order kinetics [50–52].

3.2.1. Impact of SPS Concentration on the Degradation Reaction

To explore the influence of SPS loading on the oxidation process and effectively
eliminate 500 µg/L of SMX, a series of experiments was conducted, gradually increasing the
SPS dosage from 0 to 100 mg/L. Throughout these experiments, 100 mg/L of catalyst was
employed. The reactions were carried out in ultra-pure water (UPW) at room temperature.

Initially, the adsorption of SMX on the surface of the composite catalyst in the absence
of SPS was quantified, and it was found to be negligible, causing only a minor decrease in
SMX concentration (less than 5%). This finding could be correlated with the diminutive
specific surface area of NiO/SrCO3 (5 m2/g). However, as shown in Figure 3a, upon in-
creasing the SPS dosage to 50 mg/L, a remarkable enhancement in the degradation reaction
rate was observed. In particular, complete elimination of SMX was achieved within 45 min,
while the apparent reaction rate constant (kapp) presented a notable threefold increase (from
0.032 min−1 to 0.092 min−1). Interestingly, when the loading of SPS was further increased
to 100 mg/L, SMX degradation was not favored, coinciding with a slight decrease in kapp
value from 0.092 to 0.068 min−1. This observation can be attributed to the self-quenching, or
the scavenging of the reactive species from SPS. Specifically, the generated sulfate radicals
(SO4

•−) may undergo self-recombination or react with SPS molecules instead of effectively
reacting with the organic compounds according to Equations (1) and (2) [53,54]:

SO4
•−+ SO4

•− → S2O8
2− (1)

SO4
•− + S2O8

2− → SO4
2− + S2O8

•− (2)
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The above results are in the same order of magnitude as others obtained in similar systems
for SMX degradation [4]. Based on the results obtained in Figure 3a, a [SPS] = 50 mg/L was
chosen for the following tests.
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3.2.2. Effect of NiO/SrCO3 Dosage

The effect of the catalyst was evaluated by ranging the loading from 0 to 250 mg/L
while maintaining the loading of SPS constant at 50 mg/L. As depicted in Figure 3b, the
inherent oxidizing potential of SPS, in the absence of the catalyst, proved to be insignificant,
aligning with the findings reported in prior studies [36,55]. The progressive increase
in NiO/SrCO3 dosage from 50 to 250 mg/L engendered a noteworthy increase in the
degradation rate, as evidenced by the removal efficiencies of SMX after 15 min, which were
44%, 73%, and 100%, respectively. The most probable rationale behind this observation
is that the higher NiO/SrCO3 concentration provides a higher number of active sites for
SPS activation, resulting in an increased population of reactive species [54–56]. Despite
obtaining optimal results at a catalyst dosage of 250 mg/L, subsequent experiments were
performed at 100 mg/L, with the aim of conserving the catalyst usage.

3.2.3. Effect of Antibiotic Concentration

The effect of the antibiotic loading was comprehensively assessed through a set of
experiments performed at four distinct SMX loadings (0.25–3.00 mg/L), and the correspond-
ing normalized concentration versus time profiles are presented in Figure 4a. The removal
process was substantially hindered as the SMX concentration was raised. Specifically, at
the 30-min mark, the removal efficiencies in each case were as follows: 100% for 0.25 mg/L,
93% for 0.50 mg/L, 70% for 1.00 mg/L, and 20% for 3.00 mg/L. From the perspective of
kinetics, the corresponding kapp values are 0.116, 0.092, 0.037, and 0.004 min−1, confirming
the deviation from a true first-order model, since the kinetic constant is contingent on
initial SMX concentration. The reason behind this observation is the fact that under defined
operating parameters (e.g., catalyst loading, SPS concentration, solution pH, temperature),
the population of the reactive species (mainly free radicals) remains practically constant
while the concentration of the organic compound is steadily increasing, demanding longer
time periods for the same extent of degradation [12].
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pH ([SMX] = 0.5 mg/L). Experimental conditions: [Catalyst] = 100 mg/L, [SPS] = 50 mg/L.

3.2.4. Effect of pH

Solution’s pH is an essential factor that exerts substantial influence on the removal of
organic compounds in a catalyst/SPS system. To thoroughly investigate its impact, a set
of experiments was conducted, encompassing a range of pH conditions, spanning from
acidic (pH 3) to neutral (pH 7) and alkaline environments (pH 10). According to Figure 4b,
a neutral environment proved to be more conducive to the abatement of SMX compared to
acidic and alkaline conditions. In the neutral pH setting, complete elimination of SMX was
attained within 30 min, whereas the removal efficiencies in the acidic and alkaline cases
reached only 30% and 40% in the same time period.
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To further elucidate these results, both the catalyst’s surface charge and the prevailing
chemical form of SMX should be clarified. According to scientific reports, the reported
pKa values of the SMX are 1.7 and 5.5 [57]. At a pH value of 3, SMX retains its molecular
structure, whereas at pH 7 and 10, it undergoes deprotonation, promoting negatively
charged species formation. Having in mind the collected data, it is reasonable to infer that
at pH 10, repulsive interactions likely developed between SMX and the NiO/SrCO3 surface.
Consequently, SMX encounters hindrances in reaching the catalyst’s surface, leading to
limited SMX degradation. In contrast, under strong acidic environments, it has been
reported that persulfate may be consumed, as described in Equation 3, resulting in the
observed slow removal rate [51,58].

S2O8
•− + H+ → HS2O8

− (3)

3.2.5. Impact of Water Matrix and Additives on Process Efficiency

In the subsequent phase of our study, assays were carried out to gain knowledge into
the implementation of the NiO/SrCO3/SPS system under different water matrices. As
practical applications of SPS-based AOPs are still limited, it becomes essential to interpret
how the complexity of the water matrices affects the effectiveness of the catalytic system.
To explore this aspect, two distinct water sources were utilized: BW and WW. Results are
summarized in Figure 5a.
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The experimental findings clearly demonstrate that elevating water matrix’s complex-
ity exerts a significantly adverse impact on SMX degradation. The SMX removal is 60% in
BW and does not exceed 5% in WW after 30 min of reaction. The observed reaction rates are
markedly decreased, likely due to the presence of ions which can either act as scavengers,
consuming the generated free radicals, or they could potentially be a competitor with
the antibiotic, thereby masking the catalyst ‘s active sites [59,60]. In the case of WW, the
inhibitory effects are clearly pronounced, presumably due to the existence of organic matter.

Further tests were conducted in artificial matrices enriched with predetermined
amounts of sodium chloride (NaCl 30 mg/L), bicarbonates (HCO3

− 250 mg/L), and
humic acid (HA 10 mg/L). HCO3

− and Cl- were specifically selected because they are
the dominant components in BW. On the other hand, HA was used as a representative
compound accurately imitating the organic moieties detected in treated effluent or environ-
mental samples. Figure 5b reveals that the addition of 30 mg/L NaCl has a minor impact
on the oxidation, leading to a slight reduction in the kapp value from 0.092 to 0.070 min−1.
This phenomenon may be probably attributed to the interaction between the reactive
species and the chlorine ions, leading to the formation of chlorine radicals as expressed in
Equations (4)–(6) [50,61]:

SO4
•− + Cl− → SO4

2− + Cl• (4)

HO• + Cl− → ClOH•− (5)

ClOH•− + H+ → Cl• + H2 (6)

Figure 5b highlights the negative effect of bicarbonates on the oxidation of SMX.
Specifically, the addition of 250 mg/L HCO3

− (representative BIC concentration in BW)
induced a two-fold decrease in kapp values, compared to the experiment conducted in
UPW, extending the complete breakdown time of SMX to 90 min. The presence of BIC
initiated side reactions, consuming the highly reactive free radicals (SO4

•−, •OH) and led
to the subsequent creation of secondary species with reduced potential, as described in
the following Equations (7)–(11) [16,62]. Additionally, BIC facilitated the development of a
strong alkaline environment (pH = 9) which was previously noted to impede the oxidation
reaction. In fact, the majority of documented research is conducted using ultrapure water,
which overlooks the interplay between organic and inorganic substances such as carbonates
and reactive oxygen species. This leads to inaccurately high yields that do not reflect the
real outcomes. On a positive note, certain recent investigations have taken into account the
matrix impact on the degradation of micropollutants [63].

HCO3
− + SO4

•− → SO4
2− + HCO3

• (7)

HCO3
•−→ H+ + CO3

•− (8)

•OH + HCO3
− → CO3

•− + H2O (9)

CO3
2− + SO4

•− → SO4
2− + CO3

•− (10)

CO3
2− + •OH→ OH− + CO3

•− (11)

Regarding HA, it is evident that it completely suppressed the oxidation of SMX
(Figure 5b,c), as SMX removal does not exceed 10% and kapp values were nearly identical
to those observed in experiments performed in WW. HA competes with SMX, quenching
the free radicals through its aromatic groups. Furthermore, it has been reported that HA
is able to cover the catalyst’s surface, obstructing active sites and thereby impeding the
activation of SPS [55,64].
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3.3. Degradation Mechanism
3.3.1. Electrochemical Measurements

Figure 6 presents the electrochemical characteristics of the NiO/SrCO3/FTO electrode.
The measured current (mA), as demonstrated in Figure 6a, may practically refer to current
density (mA cm−2) since the surface area of the working electrode is equal to 1 cm2. It
is obvious from the LSV curves shown in Figure 6a that adding 50 mg L−1 SPS in the
electrolyte solution increased the current, which could be attributed to the formation
of metastable reactive complexes thus facilitating the SPS and active catalytic surface
interaction [46]. Specifically, the maximum current density enhanced from approximately
1 mA cm−2 when the Ni/SrCO3 was present in the electrochemical system to approximately
1.8 mA cm−2 in the case of the Ni/SrCO3/SPS system. The same behavior was observed
with the addition of the SMX pollutant (0.5 mg L−1) in the electrolyte solution. The
measured current values increased further (above 2 mA cm−2) with the co-presence of
the NiO/SrCO3, SPS, and SMX) in the Na2SO4 solution, implying an electron transfer
mechanism on the interface of NiO/SrCO3/FTO, SPS, and SMX.
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Figure 6. (a) Linear sweep voltammograms and EIS characteristics depicted in the form of (b) Nyquist
plots and (c) Bode plots recorded in the presence of catalyst (CAT) and in the co-presence of catalyst
(Ni/SrCO3) and SPS (CAT + SPS) as well as catalyst, SPS and SMX (CAT + SPS + SMX); Measurements
were conducted in a three-electrode set-up with the Ni/SrCO3/FTO as working electrode, a Ag/AgCl
(3M KCl sat.) as reference electrode and a Pt wire as counter electrode. Open circuit potential:
−0.2 V vs. Ag/AgCl.
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The behavior of the LSVs was reflected in the EIS characteristics as depicted in
Figure 6b,c. Figure 6b shows the Nyquist plots as recorded in the aforementioned three
scenarios. The calculation of the charge transfer resistance, RCT, cannot be performed since
the semicircles are incomplete. However, it is evident that the addition of SPS and SMX
decreased the semicircle diameter, which is more evident in the NiO/SrCO3/SPS/SMX
system, indicating higher electrical conductivity. This observation is reflected in the shape
of the Bode plots as demonstrated in Figure 6c. A reduction in the intensity of the peaks of
the Bode plots was observed when comparing the electrochemical system without and in
the presence of SMX, which was accompanied by shifting the peak’s maximum towards
higher frequencies indicating a decline of the characteristic relaxation time of the examined
electrochemical system. The appearance of a flattened semicircle in the Nyquist plots and a
main peak in the Bode plots implies the realization of a dominant process which could be
mainly related to the charge transfer resistance, whereas various subprocesses that may
take place simultaneously in the electrochemical system cannot be distinguished. In any
case, the appearance of a flattened semicircle implies that the processes that occur are
intertwined and overlap with each other, while a dominant process is essentially the one
which controls the reaction rate and subsequently the NiO/SrCO3 performance towards
SMX degradation.

It can be concluded that the simultaneous presence of NiO/SrCO3/FTO, SPS, and
SMX led to an increment in the measured current values when the potential changing and
to a RCT decline, implying SMX oxidation via a non-specific pathway. In particular, it
can be assumed that the SMX oxidation may occur via electron transfer from the organic
compound acting as an electron donor, to SPS acting as an electron acceptor) mediated by
the NiO/SrCO3 catalyst [46,65].

3.3.2. Scavengers of Reactive Species

To investigate the reactive species involved in the oxidation of SMX, quenching experiments
were conducted utilizing the appropriate scavengers. In this regard, methanol (MeOH, 5 g/L)
and tert -butanol (TBA, 5 g/L) were employed to trap SO4

•− (k = 3.2× 106 M−1 s−1) and •OH
(k = 3.8–7.6× 108 M−1 s−1), respectively. It should be mentioned that MeOH also interacts with
•OH (k = 3.0× 108 M−1 s−1) [66].

The outcomes from Figure 7a clearly indicate the significant contribution of hydroxyl
radicals as the dominant radical since the oxidation rate was substantially decreased when
TBA was added. Contrarily, the contribution of SO4

•− appears to be minor, as the addition
of MeOH leads to a negligible differentiation in kapp value compared to the experiments
with TBA (Figure 7b).
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Overall, based on the data collected from the electrochemical characterization and
trapping experiments, it can be strongly suggested that the successful oxidation of SMX
involves a combination of non-radical and radical mechanisms.

4. Conclusions

This study focused on the development of a novel NiO/SrCO3 catalytic material for
SMX elimination via SPS activation. This catalytic system was prepared using the com-
bustion method, and its physicochemical characteristics were examined through various
methods. The composite material demonstrated exceptional catalytic activity, as com-
plete decomposition of SMX was achieved in short time periods in UPW (45 min). The
SMX degradation was described by pseudo first-order kinetics, while the apparent kinetic
constant decreased with SMX concentration. SMX degradation was favored at pH 7. A
significant inhibition was observed in the test performed in environmental matrices such as
secondary effluent or bottled water, possibly due to competition from matrix constituents
for reactive species and the surface area, as demonstrated in the experiments conducted
in the presence of humic acid or bicarbonates. Notably, chlorides in concentrations up
to 30 mg/L did not significantly alter the kinetics. Based on the electrochemical and scav-
enging measurements, it could be concluded that SMX degradation may occur via both
radical and non-radical pathways. Overall, the examined system showed promising results
for the decomposition of SMX. However, future studies must assess the catalyst reuse
through operation under continuous flow, and further examine the mechanistic aspects of
the system, including the study of the transformation by-products and their toxicity.
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