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Abstract: Fenton (H2O2/Fe2+) system is a simple and efficient advanced oxidation technology
(AOT) for the treatment of organic micropollutants in water and soil. However, it suffers from
some drawbacks including high amount of the catalyst, acid pH requirement, sludge formation
and slow regeneration of Fe2+ ions. If these drawbacks are surmounted, Fenton system can be
the best choice AOT for the removal of persistent organics from water and soil. In this work,
it was attempted to replace the homogeneous catalyst with a heterogeneous natural iron-based
catalyst for the decomposition of H2O2 into oxidative radical species, mainly hydroxyl (HO•) and
hydroperoxyl radicals (HO2

•). The natural iron-based catalyst is hematite-rich (α-Fe2O3) and contains
a nonnegligible amount of magnetite (Fe3O4) indicating the coexistence of Fe (III) and Fe(II) species.
A pseudo-first order kinetics was determined for the decomposition of H2O2 by the iron-based
solid catalyst with a rate constant increasing with the catalyst dose. The catalytic decomposition of
H2O2 into hydroxyl radicals in the presence of the natural Fe-based catalyst was confirmed by the
hydroxylation of benzoic acid into salicylic acid. The natural Fe-based catalyst/H2O2 system was
applied for the degradation of riluzole in water. It was demonstrated that the smaller the particle
size of the catalyst, the larger its surface area and the greater its catalytic activity towards H2O2

decomposition into hydroxyl radicals. The degradation of riluzole can occur at all pH levels in
the range 3.0–12.0 with a rate and efficiency greater than H2O2 oxidation alone, indicating that the
natural Fe-based catalyst can function at any pH without the need to control the pH by the addition
of chemicals. An improvement in the efficiency and kinetics of the degradation of riluzole was
observed under UV irradiation for both homogeneous and heterogeneous Fenton systems. The
results chromatography analysis demonstrate that the degradation of riluzole starts by the opening
of the triazole ring by releasing nitrate, sulfate, and fluoride ions. The reuse of the catalyst after heat
treatment at 500 ◦C demonstrated that the heat-treated catalyst retained an efficiency >90% after
five cycles. The results confirmed that the natural sources of iron, as a heterogeneous catalyst in a
Fenton-like system, is an appropriate replacement of a Fe2+ homogeneous catalyst. The reuse of the
heterogeneous catalyst after a heat-treatment represents an additional advantage of using a natural
iron-based catalyst in Fenton-like systems.

Keywords: Fenton system; natural iron-based catalyst; hydroxyl radicals; riluzole; degradation

1. Introduction

Natural waters including surface and ground waters are less than 3% of the global
water on the Earth, but they represent 98% of human consumption. Nowadays, there
is extensive demand for natural water resources due to exponential population growth,
expanded anthropogenic activities, and massive urbanization [1,2]. These result in the
discharge of substances and the extraction of resources, thereby increasing the pollution
of the environment. Water, being partially responsible for the cycling of elements within
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the global biogeochemical cycle, has been the most affected part of the environment and a
diversity of organic pollutants are transferred to the ground and surface waters [3,4]. The
contamination of these natural waters with anthropogenic organic micropollutants from
diverse sources causes economic, health, and environmental problems [5–8]. Conventional
biological treatment methods fail to remove the anthropogenic organic micropollutants
from water [9]. Therefore, an urgent development of water treatment technologies is
essential to cope with the (re)use of the valuable natural water resources.

Advanced oxidation technologies (AOTs) are among the most effective technologies in
eliminating organic micropollutants from water through their mineralization into CO2, H2O,
and inorganic ions [10–13]. AOTs are based on the production of oxidizing radical species,
mainly hydroxyl radicals (HO•), by redox reactions between reducing and oxidizing
reagents and/or by the combination of chemical oxidants with activating methods [13–15].
The HO• radicals are potent and instable oxidants capable of reacting non-selectively with
organic micropollutants and transforming them into less harmful intermediates that end
by being mineralized. Fenton oxidation method is an inexpensive advanced oxidation
technology that is simple to implement in water treatment plants. Fenton oxidation utilizes
ferrous iron as a homogeneous catalyst to decompose hydrogen peroxide (H2O2) in acid
medium into radical species, including hydroxyl radicals (HO•) and hydroperoxyl radicals
(HO2

•) (Equations (1)–(7)) [13,16–19].

Fe2+ + H2O2 → Fe3+ + HO• + OH− (1)

Fe2+ + HO• → Fe3+ + OH− (2)

Fe3+ + H2O2 → Fe-OOH2+ + H+ (3)

Fe-OOH2+ → Fe2+ + HO2
• (4)

Fe2+ + HO2
• → Fe3+ + HO2

− (5)

Fe3+ + HO2
• → Fe2+ + O2 +H+ (6)

H2O2 + HO• → HO2
• + H2O (7)

The rate-determining step in the Fenton oxidation method is the regeneration of the
Fe2+ homogeneous catalyst. This step is rendered slow and incomplete due to several fac-
tors, including the precipitation of Fe3+ as iron(III) hydroxide at mild acid or neutral pH, and
rapid reactions of Fe2+ with HO• and HO2

• radicals (Equations (2) and (5)). For effective
and continuous production of HO• and HO2

• radicals, large amounts of Fe2+ catalyst are
needed, which poses a secondary pollution and needs a post-treatment stage to neutralize
the treated wastewater and separate the residual ferric hydroxide sludge. The recycling of
the iron sludge is not practical. Furthermore, a careful control of the catalyst dose and H2O2
concentration is important to limit the scavenging reactions (Equations (2), (5) and (7))
and keep high efficiency for Fenton oxidation towards the degradation of the organic
micropollutants [20–24].

Heterogeneous Fenton-like systems using natural sources of iron can be a good solu-
tion to overcome the drawbacks of a homogeneous Fenton system, including large amounts
of chemicals, the slow regeneration of the catalyst, and sludge post-treatment. Minerals and
ores rich in iron such as magnetite (Fe3O4) [25], maghemite (γ-Fe2O3) [26,27], hematite (α-
Fe2O3) [28,29] and pyrite (FeS2) [30,31] are examples of naturally occurring heterogeneous
Fenton-like catalysts for the degradation of micropollutants in water. In a heterogeneous
Fenton-like system, the typical mechanism of degradation involves the adsorption of
micropollutant molecules on the surface of the solid catalyst, the dissociation of H2O2
on the surface of the catalyst into radical species (HO• and HO2

•), and the immediate
attack of HO• and HO2

• radicals on the adsorbed micropollutant molecules [32–34]. The
natural heterogeneous Fenton-like systems can attain complete mineralization of organic
micropollutants at different pH conditions with lower cost than a homogeneous Fenton
system [35–37].
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In this work, a natural iron source catalyst rich in hematite was extracted from a mining
site in northern Tunisia and used in the degradation of riluzole as a model of bioresistant
organic micropollutants in water (see chemical structure). The decomposition of H2O2 in
radical species using the natural iron-based heterogeneous catalyst was investigated. The
effects of certain experimental parameters, including the catalyst dose and particle size, the
initial pH, H2O2 concentration, and UV irradiation on the efficiency of riluzole degradation
using the heterogeneous Fenton system (iron-based catalyst/H2O2) were evaluated. The
results of riluzole degradation by heat and acid-treated heterogeneous and homogeneous
catalysts were also compared. Furthermore, the leaching of iron ions from the natural
Fe-based catalyst at different pH levels was studied in order to evaluate the feasibility of
the heterogeneous Fenton-like system proposed herein.

2. Results and Discussion
2.1. Characterization of Natural Fe-Based Catalyst

The XRD spectrum of the rusty red natural Fe-based ore shows the predominance of
hematite Fe2O3 phase with the presence of impurities of magnetite Fe3O4 as indexed in
Figure 1a. The XRD pattern coincides with the rhombohedral α-Fe2O3 crystalline structure
(JCPDS# 33-0664) [28].
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Figure 1. (a) XRD spectrum, (b) SEM image, and (c) EDS spectrum of the natural Fe-based catalyst. Figure 1. (a) XRD spectrum, (b) SEM image, and (c) EDS spectrum of the natural Fe-based catalyst.

The SEM image of Figure 1b demonstrates a homogeneous morphology with stacked
micro-rods having a 0.2–0.5 µm diameter and a 3–5 µm length. The SEM-EDS spectrum
of Figure 1c confirms the presence of Fe (~63.1% wt.) and O (~26.9% wt.), C (~6.8% wt.),
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Mg (~0.15% wt.), Al (~0.3% wt.), and Si (~2.8% wt.) elements. The O:Fe molar ratio was
between 1.45 and 1.48 measured at different surface locations. This is in accordance with
the XRD spectrum showing the presence of Fe3O4 impurities in addition to Fe2O3, which
corroborates the value of the O:Fe molar ratio being less than 1.5. The composition of
this natural Fe-based ore extracted from northern Tunisia confirms that it is rich in Fe
(63.1% wt.) and indicates that Fe(III) is the predominant Fe form. Similar results were
reported in literature for natural iron ores in different regions in the world [27,38,39].

2.2. Decomposition of H2O2 by Natural Fe-Based Heterogeneous Catalyst

The finely grinded natural Fe-based ore was tested as a heterogeneous Fenton catalyst
for the decomposition of H2O2 into hydroxyl radicals. Figure 2a shows the changes of
H2O2 concentration with time during its reaction with different doses of Fe-based catalyst.
H2O2 concentration declines exponentially with time in the presence of a Fe-based catalyst,
indicating a pseudo-first order kinetics for the decomposition of H2O2 (Figure 2a). The
increase of the catalyst dose increases the rate constant of the decomposition of H2O2 as
shown in Figure 2a (inlet). The catalytic decomposition of H2O2 into hydroxyl radicals
in the presence of the natural Fe-based catalyst was confirmed by the hydroxylation
of benzoic acid (122 ppm) into salicylic acid (Figure 2b,c). Figure 2c demonstrates the
increase of salicylic acid concentration with time for all the catalyst doses, confirming
the hydroxylation of benzoic acid. An increase in the Fe-based catalyst dose increases
the maximum concentration of salicylic acid formed during 60 min. The average rate of
the formation of salicylic acid within the first 20 min increases linearly with the Fe-based
catalyst dose (Figure 2d). The higher the dose of the Fe-based catalyst, the more rapid is
the formation/disappearance of salicylic acid during the oxidation of benzoic acid by the
H2O2/Fe-based catalyst system.
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of salicylic acid, and (d) Dependence of the average rate of formation of salicylic acid on the catalyst
dose during the degradation of benzoic acid (122 mg/L) using a H2O2 (1000 mg/L)/Fe-based catalyst
(50–400 mg/L, particle size < 200 µm) system. Experimental conditions: pH = 3.0, Temperature:
23–25 ◦C, Mixing rate: 400 rpm.

These results indicate that H2O2 decomposition by the heterogeneous natural Fe-
based catalyst leads to the formation of hydroxyl radicals by the Fenton-like reaction. These
hydroxyl radicals immediately attack benzoic acid to form salicylic acid as an intermediate
that undergoes oxidation with hydroxyl radicals, and its concentration rapidly declines.
Larger production of hydroxyl radicals is observed in the presence of higher natural Fe-
based catalyst doses. These results confirm that the natural Fe-based ore can be used
as a heterogeneous catalyst for the decomposition of H2O2 into hydroxyl radicals in a
Fenton-like process [32,33].

2.3. Degradation of Riluzole by H2O2/Fe-Based Catalyst Heterogeneous Fenton System

The results of the treatment of 23.4 mg/L (~0.1 mM) riluzole aqueous solutions using
an Fe-based catalyst alone, H2O2 alone, an Fe-based catalyst/H2O2 (heterogeneous Fenton
system) and Fe2+/H2O2 (homogeneous Fenton system) at pH = 3.0 and room temperature
(23–25 ◦C) are presented in Figure 3. The adsorption on the surface of Fe-based catalyst
cannot remove more than 8% of riluzole from water at the end of the treatment due
to the saturation of the active sites of the catalyst. H2O2 oxidation alone accomplished
16.7% riluzole removal from water. The combined system Fe-based catalyst/H2O2, known
as the Fenton-like system, achieved a complete riluzole removal from the water within
360 min. The complete riluzole removal was obtained by the homogeneous Fenton system
(Fe2+/H2O2) within a shorter time (300 min) than the heterogeneous Fenton system. The
concentration of riluzole declined exponentially with time with H2O2 oxidation and the
combined systems Fe-based catalyst/H2O2 and (Fe2+/H2O2), indicating a pseudo-first
order kinetics for riluzole degradation (see Figure 3). The pseudo-first order rate constants
5.0 × 10−4 min−1, 2.0 × 10−2 min−1, and 3.0 × 10−2 min−1 were calculated for H2O2
oxidation, Fe-based catalyst/H2O2, and (Fe2+/H2O2), respectively. This demonstrates the
higher efficiency of the combined systems than the single ones owing to the production of
hydroxyl radicals by Fenton reaction in solution or at the surface of the Fe-based catalyst.
These strong and powerful oxidizing radical species react immediately with the organic
molecules of riluzole and decline riluzole concentration in solution. Although the kinetics
of riluzole degradation by a homogeneous Fenton system is better than by a heterogeneous
Fenton system, the utilization of natural sources of Fe-based catalyst in Fenton oxidation is
highly important for scalable applications due to the lower costs, less sludge waste, and
the recyclability of the heterogeneous catalyst [33,40].

Figure 4 presents the effect of Fe-based catalyst particle size on the kinetics of riluzole
(23.4 mg/L) degradation by a Fe-based catalyst/H2O2 system. The results showed an
important effect of the particle size of the solid catalyst on the kinetics of riluzole degrada-
tion. Pseudo-first order kinetics were observed for all the particle sizes tested (Figure 4a);
however, the pseudo-first order rate constant decreases with the increase of the catalyst
particle size (Figure 4b). The highest rate constant of 2 × 10−2 min−1 was calculated for
particle size less than 200 µm; while the smallest rate constant of 8 × 10−3 min−1 was
measured for particle size greater than 1000 µm. Rate constants of 1.3 × 10−2 min−1 and
1.0 × 10−2 min−1 were found for particle size between 200 and 500 µm and between 500
and 1000 µm, respectively; the smaller the particle size of the catalyst, the larger its surface
area. A larger surface area has more active sites to catalyze the decomposition of H2O2 into
hydroxyl radicals and to adsorb riluzole molecules, which are reasons to explain the more
rapid and highly efficient degradation of riluzole for particle size less than 200 µm of the
natural Fe-based catalyst.
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time and (b) the pseudo-first order rate constant during the treatment of 23.4 mg/L riluzole aqueous
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The results of the effect of pH on the kinetics and efficiency of the degradation of
riluzole by a Fe-based catalyst/H2O2 system are presented in Figure 5a,b. Almost complete
removal of riluzole was obtained at pH 3.0 and 5.0 within 360 min (Figure 5a); while only
92.3%, 84.5%, and 65.0 of riluzole were removed after 360 min at pH 7.0, 9.0, and 12.0,
respectively. The pseudo-first order rate constant of riluzole degradation decreased with
the increase of pH from 3.0 to 12.0 as shown in Figure 5b. It is well reported that the
degradation of organic pollutants by homogeneous Fenton (Fe2+/H2O2) system is efficient
under acid conditions (pH in the range 3.0–4.0) [40,41]. Compared to a homogeneous
Fenton system (Fe2+/H2O2), in which the rate constant of degradation of riluzole decreased
abruptly with the increase of pH (the rate constant was equal to H2O2 oxidation alone
for pH 7.0, 9.0, and 12.0), the decrease in rate constant with the pH for a heterogeneous
Fenton system (Fe-based catalyst/H2O2) was decelerated when pH increased. However,
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the degradation of riluzole occurred at all pH levels in the range 3.0–12.0 with a rate
and efficiency greater than H2O2 oxidation alone. This result is very important in real
applications where the pH of wastewaters is usually in the range between 4.0 to 8.5; the
natural Fe-based catalyst can function in this range and does not necessitate the control of
the pH by the addition of chemicals.
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Figure 5. (a,b) Effect of initial pH (H2O2: 1000 mg/L, Fe-based catalyst: 200 mg/L (parti-
cle size < 200 µm), pH: 3.0–12.0), (c,d) Effect of catalyst dose (H2O2: 1000 mg/L, Fe-based cata-
lyst: 25–400 mg/L (particle size < 200 µm), pH = 3.0), and (e,f) Effect of H2O2 concentration
(H2O2: 250–2000 mg/L, Fe-based catalyst: 200 mg/L (particle size < 200 µm), pH = 3.0) on the
changes of riluzole concentration with time and on the first-order rate constant during the treatment
of 23.4 mg/L riluzole aqueous solutions using a Fe-based catalyst/H2O2 system at T = 23–25 ◦C and
under 400 rpm mixing rate. (Exponential trend lines are added to graphs a, c, and e in dashed lines).
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The results of the effect of the catalyst dose on the degradation of riluzole (23.4 mg/L)
by a Fe-based catalyst/H2O2 system are presented in Figure 5c,d. The increase of the
catalyst dose from 50 mg/L to 200 mg/L enhanced the efficiency of riluzole degradation
(Figure 5c) after 360 min from 92% to 98.9, and 100% for catalyst doses of 50, 100, and
200 mg/L. Figure 5d shows that the first-order rate constant increases linearly with the
catalyst dose up to 200 mg/L. This result can be explained by the increase of catalytic active
sites of the heterogeneous catalyst and then the larger production of hydroxyl radicals.
However, further increase in the catalyst dose to doses higher than 200 mg/L did not show
a significant improvement in the efficiency and kinetics of riluzole degradation (The rate
constant was maintained to the same value as that of 200 mg/L). Doses of the heterogeneous
catalyst higher than 200 mg/L seem to be less effective due to the competition of riluzole
oxidation with secondary reactions in consuming excessive amounts of hydroxyl radicals
(including surface oxidation of Fe2+, reaction with H2O2, combination to form H2O2). It
is clear that a catalyst dose of 200 mg/L is optimal and sufficient to completely remove
riluzole from the water. In a similar way, the increase of H2O2 concentration from 250 to
2000 mg/L increased the efficiency of riluzole degradation after 240 min from 88.0% to
96.6%, 99.7%, and 99.9% for 250, 500, 1000, and 2000 mg/L, respectively. The first-order
rate constant increased with the increase of H2O2 concentration with higher ramp for
H2O2 concentrations lower than 1000 mg/L (Figure 5f). H2O2 concentrations higher than
1000 mg/L did not lead to an important enhancement in the efficiency and kinetics of
riluzole degradation considering the cost increment by using high H2O2 amounts. The
increase in H2O2 concentration up to 1000 mg/L enlarges the production of hydroxyl
radicals, which enhances the kinetics and efficiency of riluzole degradation. However,
the excessive formation of hydroxyl radicals formed at H2O2 concentration higher than
1000 mg/L seems to be unwholesome (not beneficial) to the degradation of riluzole because
of their non-selective reaction with organic and inorganic components in solution and on
the surface of the catalyst. An H2O2 concentration of 1000 mg/L was selected as an optimal
concentration for a cost-effective degradation of riluzole.

The effect of UV light irradiation on the degradation of riluzole (23.4 mg/L) by a
Fe-based catalyst/H2O2 system was also studied under the optimal conditions of pH
(pH = 3.0), catalyst dose (200 mg/L), and H2O2 concentration (1000 mg/L). An improve-
ment in the efficiency and kinetics of the degradation of riluzole was obtained under
UV irradiation for both homogeneous and heterogeneous Fenton systems as shown in
Figure 6a. All the Fenton and photo-assisted Fenton systems achieved the complete re-
moval of riluzole after different periods: 300 min for Fe-based catalyst/H2O2, 240 min
for Fe2+/H2O2, 120 min for Fe-based catalyst/H2O2/UV, and 90 min for Fe2+/H2O2/UV.
Figure 6b presents the changes of TOC with time for homogeneous and heterogeneous
Fenton and photo-assisted Fenton systems during the treatment of 23.4 mg/L aqueous
solutions. TOC content declines exponentially with time for all the systems except for H2O2
oxidation alone where TOC remains almost constant. The TOC removal at the end of the
treatment (after 360 min) were 55.8%, 69.2%, 88.4%, and 92.3% for Fe-based catalyst/H2O2,
Fe2+/H2O2, Fe-based catalyst/H2O2/UV, and Fe2+/H2O2/UV, respectively.

The pseudo-first order rate constants calculated for TOC were 0.002, 0.003, 0.006, and
0.007 min−1 for Fe-based catalyst/H2O2, Fe2+/H2O2, Fe-based catalyst/H2O2/UV, and
Fe2+/H2O2/UV, respectively. It can be concluded that the effect of UV irradiation is more
profound on the kinetics and efficiency of TOC removal. UV irradiation enhances TOC
removal for homogeneous and heterogeneous Fenton systems due to the production of
supplementary hydroxyl radicals by homolytic photo-dissociation of H2O2 and rapid regen-
eration of the catalytic active sites by photodecomposition of iron-carboxylate complexes.
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Figure 6. Effect of UV irradiation on the changes of (a) riluzole concentration, and (b) TOC content
during the treatment of 23.4 mg/L riluzole aqueous solutions by homogeneous and heterogeneous
Fenton and photo-assisted Fenton systems. Experimental conditions: H2O2: 1000 mg/L, Fe-based
catalyst: 200 mg/L (particle size < 200 µm), Fe2+: 140 mg/L, UV irradiation: Medium mercury
pressure lamp (Light wavelength range: 200–600 nm, power input: 150 W), pH = 3.0, Temperature:
23–25 ◦C, Mixing rate: 400 rpm.

Leaching of iron ions from the natural Fe-based catalyst is an important factor in
determining its future utilization for real cases. Figure 7a presents the changes of the
concentration of dissolved iron with time at different pH in the range between 3.0 and
12.0. The concentration of dissolved iron increases with time for all the pH media. Higher
concentrations of dissolved iron were measured at pH 12.0 and 3.0, while the lowest
concentration of dissolved iron was measured at pH = 7.0. The final concentrations of
dissolved iron measured at all pH values were less than 5 mg/L (<4% of the total iron
contained in the catalyst composition), indicating low leaching properties of the natural
Fe-based catalyst. The amount of dissolved iron does not pose an environmental problem
for the discharge of treated wastewater.
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Figure 7. (a) Changes of dissolved iron with time at different pH values, (b) riluzole removal yield
using pristine, heat-treated, and acid-washed catalyst after cycles 1–5 at pH 3.0 during the treatment
of 23.4 mg/L riluzole aqueous solutions by Fe-based catalyst/H2O2. Experimental conditions:
H2O2: 1000 mg/L, Fe-based catalyst: 200 mg/L (particle size < 200 µm), Temperature: 23–25 ◦C,
Mixing rate: 400 rpm.

The reuse of the catalyst after heat treatment at 500 ◦C for 120 min and acid washing
was evaluated for the treatment of 23.4 mg/L riluzole aqueous solutions using a Fe-based
catalyst/H2O2. Figure 7b presents the riluzole removal yield for pristine catalyst, heat-
treated catalyst, and acid-washed catalyst after five consecutive cycles. The heat-treated
catalyst retained an excellent efficiency (>90%) in removing riluzole from the water after
five cycles. However, the efficiency of the acid-treated catalyst dropped from one cycle
to another to reach 62.4% after five cycles. This result indicates that heat treatment at
500 ◦C can be chosen for the reuse of the natural Fe-based catalyst in Fenton-like systems
to treat wastewaters contaminated with organic pollution. The potential reuse of the Fe-
based-catalyst will contribute to the reduction of the total cost of wastewater treatment.
The promising results of a Fe-based catalyst/H2O2 heterogeneous Fenton system in the
degradation of riluzole (as a model of organic pollution in water) indicate the potential
implementation of this natural catalyst due to its high stability and its reusability after
heat-treatment activation.

2.4. Proposed Mechanism of Riluzole Degradation of by Fe-Based Catalyst/H2O2 System

The changes of riluzole concentration, intermediates concentration, and TOC content
(all expressed in mg C/L) with time during the treatment of 23.4 mg/L riluzole aque-
ous solutions using Fe-based catalyst/H2O2 system under the optimal conditions of pH
(pH = 3.0), catalyst dose (200 mg/L), and H2O2 concentration (1000 mg/L) are presented in
Figure 8a. The decline of riluzole with time is tenfold more rapid than TOC, and it is accom-
panied by a rapid formation of aromatic and aliphatic intermediates. The decrease of TOC
content indicates the mineralization of organic carbon and release of CO2 as final product.
The concentration of the intermediates reaches a maximum of 7.1 mg C/L between 120 and
150 min, and then it start to decay with the same rate as TOC until the end of the treatment.
The total concentration of C4 carboxylic acids (fumaric and maleic acids) increases from
the beginning of the treatment to reach a maximum of 2.5 mg C/L after 120 min, and then
their total concentration decreases, and they finish by being removed totally from the water
after 300 min. However, the concentration of C2 carboxylic acids (oxalic and acetic acids)
starts to rise after 60 min and reaches a plateau after 180 min, indicating the accumulation
of C2 carboxylic acids that persists until the end of the treatment. The estimated concen-
tration of aromatic intermediates (calculated from the following mass balance equation:
Total intermediates = Aromatic intermediates + C4 carboxylic acids + C2 carboxylic acids)
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increases rapidly from the beginning of the treatment to reach a maximum of 4.9 mg C/L
after 60 min and then declines quickly to disappear completely after 180 min. HPLC
analysis demonstrates the formation of 4-(trifluoromethoxy) aniline (4-TFMA), aniline, and
4-aminophenol as aromatic intermediates among others (Figure 8b). The concentrations of
the three intermediates increase rapidly with time to reach a maximum after 60–90 min,
and then they decline to zero after 180 min.
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Figure 8. Changes of the concentrations of (a,b) organic intermediates, and (c) inorganic ions during
the treatment of 23.4 mg/L riluzole aqueous solutions by homogeneous and heterogeneous Fenton
and photo-assisted Fenton systems. Experimental conditions: H2O2: 1000 mg/L, Fe-based catalyst:
200 mg/L (particle size < 200 µm), pH = 3.0, Temperature: 23–25 ◦C, Mixing rate: 400 rpm.

Figure 8c presents the changes of the concentrations of inorganic ions (fluorides, sul-
fates, and nitrates) with time during the treatment of 23.4 mg/L riluzole aqueous solutions
using a Fe-based catalyst/H2O2 system under the optimal conditions of pH (pH = 3.0),
catalyst dose (200 mg/L), and H2O2 concentration (1000 mg/L). The concentrations of
fluorides, sulfates, and nitrates increase linearly with time, and then they reach plateaus
at the end of the treatment. The plateaus coincide with the theoretical concentrations of
fluorides, sulfates, and nitrates contained initially in 23.4 mg/L riluzole aqueous solutions.
This result demonstrates the complete release of organic fluorine, sulfur, and nitrogen in the
form of fluorides, sulfates, and nitrates, respectively. The average rates of release of sulfates,
nitrates, and fluorides (slopes of the linear tails) within the first 60 min were estimated
to be 0.124, 0.096, and 0.024 mg/L.min, respectively. This indicates that the release of
fluoride is slower than nitrates and sulfates. Based on these results, a simple mechanism
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was proposed for the degradation of riluzole. The degradation of riluzole starts by the
opening of the triazole ring to form aromatic derivatives including 4-TFMA, aniline, and
4-aminophenol releasing nitrate, sulfate, and fluoride ions. An oxidative opening of the
benzene ring forms C4 carboxylic acids that are quickly fragmented into C2 carboxylic
acids. C2 carboxylic acids are slowly oxidized into CO2 and H2O.

3. Materials and Methods
3.1. Chemicals

Riluzole (2-Amino-6-(trifluoromethoxy)benzothiazole), 4-(trifluoromethoxy) aniline,
aniline, and 4-aminophenol were purchased from Sigma-Aldrich. Iron(II) sulfate heptahy-
drate (FeSO4. 7H2O), sulfuric acid (H2SO4), sodium hydroxide (NaOH), sodium sulfite
(Na2SO3), 30% hydrogen peroxide (H2O2) were bought from VWR in high-purity grade.
The other substances used in chromatography analysis were analytical grade Fluka (Buchs,
Switzerland) chemicals. The synthetic solutions were prepared using deionized water
received from a Millipore Milli-Q system having a resistivity >18 MΩ cm−1 at 25 ◦C.

3.2. Analytical Methods

The measurement of the total organic carbon (TOC) was measured using Skalar
FormacsHT TOC/TN analyzer. The analysis of inorganic ions (fluoride, sulfate, and nitrate)
was carried out using a Dionex ICS-2000 ion chromatograph equipped with IonPac AG19
guard column (4 × 50 mm), IonPac AS19 separation column (4 × 250 mm), and (EGC),
ASRS 300-4 mm suppressor, DS6 conductivity cell, and AS auto-sampler. A total of 20 mM
aqueous solution of potassium hydroxide (KOH) supplied by the eluent generator was
used as mobile phase was at a constant 1mL/min flow rate. Standard solutions of sulfate,
fluoride, and nitrate were prepared by dilution of stock solutions to concentrations ranging
from 0.1 mg/L to 20 mg/L. Linear calibration curves were plotted with correlation coeffi-
cients (R2) higher than 0.99. The analysis of riluzole and its aromatic degradation products
was performed using reversed phase chromatography by a HPLC-UV (Agilent 1100 series)
chromatograph equipped with Phenomenex Gemini 5 µm C18 at a constant [42]. The de-
tection UV wavelength was fixed at 260 nm, and the column temperature was maintained
at 25 ◦C. The mobile phased is composed of a mixture of solvent A (25 mM of formic
acid aqueous solution) and Solvent B (acetonitrile). A lineal gradient chromatographic
elution was adopted by initially running 10% of Solvent B, ascending to 100% in 40 min.
Before analysis, the withdrawn samples of treated solutions were filtered using 0.45 µm
membrane filters. Inductively coupled plasma-optical emission spectrometer (ICP-EOS)
(ICPE-900, Shimadzu, Japan) was performed to measure the total concentration of iron
dissolved during heterogeneous Fenton-like experiments [43]. An InoLab WTW pH-meter
was used to monitor the pH of aqueous solutions.

3.3. Experimental Procedures

The chemical and photochemical experiments were carried out in the reactor equipped
with a UV lamp (Heraeus Noblelight) (YNN 15/32, 125 W) mercury vapor, a magnetic
stirrer, and a thermometer. The photo-reactor (pyrex) of 2 L capacity was placed in the first
part. The lamp was located in an axial position submerged in a vertical immersion tube
contained in a vertical cooling tube and immersed in the solution. Water was circulated
between the lamp and glass vessel. The experience was mounted on a magnetic stirrer.
In this work, only mercury vapor lamps that emit irradiation primarily to about 254 nm
coincide with the absorption of our reagent which is H2O2. The volume of NA wastewater
was 1 L. The pH of the solution was adjusted to the desired values by the addition of sodium
hydroxide or sulfuric acid. After pH adjustment, a given weight of Fe3O4 was added. The
magnetite was mixed very well with the solution of NA wastewater to form a homogeneous
suspension. After the light of the lamp, a precise amount of hydrogen peroxide, 30%, was
mixed with the suspension formed. At certain time intervals, samples of 10 mL volume
were taken from the solution. The reaction was quenched with Na2SO3 and then analyzed



Catalysts 2023, 13, 68 13 of 15

immediately to determine pH. The samples were filtered through 0.45 µm membrane filters
and analyzed for inorganic ions, TOC, target compounds and intermediates, and UV-vis
absorbance at wavelength (λ = 260 nm).

4. Conclusions

Natural iron mineral ore was successfully used as a heterogeneous catalyst for the
decomposition of hydrogen peroxide into hydroxyl radicals in a Fenton-like process. The
natural mineral ore was rich in α-Fe2O3 phase with the presence of Fe3O4 impurities. The
decomposition of H2O2 by the natural Fe-based catalyst follows pseudo-first order kinetics.
The formation of hydroxyl radicals was confirmed by the hydroxylation of benzoic acid to
form salicylic acid. A Fe-based catalyst/H2O2 system was applied for the degradation of
riluzole in water. A more rapid and highly efficient degradation of riluzole was obtained
for catalyst particle sizes less than 200 µm of the natural Fe-based catalyst. The smaller
the particle size of the catalyst, the larger its surface area and the greater its catalytic
activity towards H2O2 decomposition into hydroxyl radicals. The degradation of riluzole
can occur at all pH levels in the range 3.0–12.0 with a rate and efficiency greater than
H2O2 oxidation alone, indicating that the natural Fe-based catalyst can function at any pH
without the need to control the pH by the addition of chemicals. Higher concentrations
of dissolved iron were measured at pH 12.0 and 3.0, while the lowest concentration of
dissolved iron was measured at pH = 7.0. The final concentrations of dissolved iron
measured in all pH values was less than 5 mg/L (<4% of the total iron contained in
the catalyst composition). The increase of H2O2 concentration from 250 to 2000 mg/L
increased the efficiency of riluzole degradation, while H2O2 concentrations higher than
1000 mg/L did not lead to an important enhancement in the efficiency and kinetics of
riluzole degradation. An improvement in the efficiency and kinetics of the degradation
of riluzole was observed under UV irradiation for both homogeneous and heterogeneous
Fenton systems. UV irradiation enhances also the TOC removal for homogeneous and
heterogeneous Fenton systems. The results of TOC and HPLC analysis demonstrate that
the degradation of riluzole starts by the opening of the triazole ring to form aromatic
derivatives including 4-TFMA, aniline, and 4-aminophenol releasing nitrate, sulfate, and
fluoride ions. Successive oxidation stages transform the aromatic intermediates into C4
carboxylic acids that are quickly split into C2 carboxylic acids, which are slowly oxidized
into CO2 and H2O. The reuse of the catalyst after heat treatment at 500 ◦C for 120 min and
acid washing demonstrated that the heat-treated catalyst retained an efficiency >90% after
five cycles; whereas the efficiency of the acid-treated catalyst dropped from one cycle to
another to reach 62.4% after five cycles. The major advantage of the heterogeneous Fe-based
catalyst/H2O2 system over homogeneous Fe2+/H2O2 is the stability or reusability of the
catalyst. The results revealed that the natural sources of iron, as a heterogeneous catalyst in
Fenton-like system, are an appropriate replacement of a Fe2+ homogeneous catalyst that
causes a secondary environmental problem in Fenton system applications. In addition,
the reuse of the heat-treated heterogeneous catalyst represents an additional advantage of
using natural iron-based catalyst in Fenton-like systems.
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