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Abstract: In this study, the viability of South African ilmenite sands as a catalyst in the photo-Fenton-
like degradation of methyl orange (MO) dye was investigated. The mineralogy and other properties
of the material were characterized. Complete decolorization occurred under acidic conditions
(pH < 4) in the presence of ilmenite and H,O,. Light irradiation accelerated the rate of reaction.
Parameter optimization revealed that a pH of 2.5, UVB irradiation, 2 g/L catalyst loading, and
a hydrogen peroxide concentration of 1.0 mM were required. Under these conditions, complete
decolorization was observed after 45 min. Degradation kinetics were best described by the pseudo-
first order (PFO) model. Rate constants of 0.095 and 0.034 min~—! were obtained for 5 and 20 mg/L
MO concentrations, respectively. A 37% total organic carbon removal was observed after 60 min. This
suggests a stepwise MO degradation pathway with intermediate formation rather than complete
mineralization. Although iron leaching was detected, the mineralogy of the catalyst recovered after
the reaction was similar to the fresh catalyst.

Keywords: Fenton’s reaction; AOPs; wastewater; degradation; textile dye

1. Introduction

The increased demand for clean, potable water coupled with diminishing access to
clean water sources has resulted in a growing need for research into alternative water
sources, with water reuse showing great potential [1,2]. Anthropogenic activities such
as manufacturing and agricultural activities generate large volumes of effluents contami-
nated with aromatic organic compounds, which are classified as refractory or emerging
pollutants. If left untreated, these compounds pose serious health threats as they possess
known endocrine-disrupting and carcinogenic properties [3,4]. Conventional biological
wastewater treatment processes are the most widely used in wastewater treatment [5].
However, these processes are incapable of degrading the recalcitrant priority and some
emerging pollutants. As a result, tertiary water treatment processes such as adsorption [6]
and membrane separation have been implemented to remediate these compounds to make
the effluent suitable for reuse. While these technologies have been shown to be effective [7],
they tend to generate secondary waste streams that require further treatment or specialized
containment [7]. Advanced oxidation processes (AOPs) are a group of technologies that
have emerged to eliminate these shortcomings due to their ability to break down and
mineralize refractory organic compounds to benign carbon dioxide and water [8]. The
principle behind AOPs is driven by the generation of highly oxidative free radicals that
participate in redox chemical reactions, which drive the degradation process [9]. The
Fenton reaction is one of the most effective AOPs; it uses soluble iron salts and hydrogen
peroxide to generate highly reactive hydroxyl radicals. Although commonly used, the
Fenton reaction is problematic as it introduces large quantities of iron into solution and
generates secondary metal-containing sludge [9-11]. Resultantly, modifications to the
process have been implemented; chief amongst these is the use of alternative sources of
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iron [12,13]. Additionally, introducing light to the reactor setup to obtain the so-called
photo-Fenton reaction reportedly allows for faster catalyst regeneration [14,15]. This results
in a superior performance compared to the classical Fenton’s reagent [16].

Catalytic wet peroxide oxidation (CWPO) is one of the AOPs developed to overcome
the problems associated with the classical Fenton reaction [9,17]. This process uses a solid
metal-bearing catalyst instead of a soluble metal salt to avoid excessive metal leaching
and sludge formation [18]. Current research in CWPO focuses on identifying and devel-
oping efficient, cost-effective catalysts for use in systems utilized to degrade a range of
pollutants [19]. The catalysts used are generally classified as natural or synthetic, with
synthetics comprised of a large group of different types. Numerous catalysts and composite
materials have been developed with varying levels of efficiency reported [18]. However, it
is generally accepted that the complicated synthesis methods and expensive raw materials
make them economically unviable [19,20]. Emerging research has therefore focused on
identifying naturally occurring minerals that can be used as alternative catalysts [21-23].

Ilmenite (FeTiOs) is one such minerals that has shown promise as a catalyst for
AOPs. The presence of redox-active Fe elements in the ilmenite structure makes it suitable
for Fenton-like processes, while the presence of TiO, allows for potential photocatalytic
activity [21]. These researchers obtained a significant degradation efficiency and TOC
removal for phenol and real hospital wastewater [24,25]. Additionally, Pataquiva-Mateus
et al. [26] conducted a study using three Colombian ilmenites from different locations as
catalysts for the decolorization of the azo dye, namely Orange II, in the Fenton’s reaction.
The study found that the catalyst with the most significant percentage of iron (56.7%) led
to the fastest decolorization rate, with complete decolorization achieved following 9 h of
reaction time.

It is worth noting that while naturally occurring minerals have been proven to be
effective and low-cost catalysts, their mineralogy will vary with location. This ultimately
influences the chemical and physical properties of the catalyst, and varying efficiencies
might be observed for ores with the same major compounds. This study is therefore aimed
at determining the viability of naturally occurring South African ilmenite as a catalyst in
the CWPO process using methyl orange as a model compound. The optimum reaction
parameters are investigated and the reaction mechanism is elucidated.

2. Results
2.1. Catalyst Characterization

The mineralogy of the catalyst was determined through XRD analysis; the results
obtained are presented in Figure 1. The most pronounced peaks were observed at 26 values
of 27.8, 38.1, 41.2, and 62.5. These were attributed to the presence of ilmenite which
accounted for 83.53% of the composition. Hematite (14.99%) and trace amounts of rutile
(1.2%) were also detected. Hematite has been reported to be an effective catalyst in Fenton-
type reactions and positively contributes to the performance of ilmenite [9]. Titanium oxide
is one of the most widely used catalysts in photocatalysis due to its ability to generate highly
reactive free radicals following electron/hole pair separation under light irradiation [9].
For this study, it is postulated that the influence of TiO, will be negligible since it is present
in trace amounts. Additionally, it has been reported that the rutile phase detected had a
lower efficacy compared to anatase, a polymorph of TiO; [27]. An XRF analysis revealed
the elemental distribution to be Fe (34.6 wt.%), Ti (32.3 wt.%), and oxygen (28.73 wt.%),
with trace amounts of Mn, Mg, Al, and V, respectively.
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Figure 1. XRD spectra and the associated mineralogy of the catalyst before (raw) and after the
(recovered) reaction.

It should be noted that the theoretical weight percentages of elements in pure ilmenite
are 36.8% Fe, 31.6% Ti, and 31.6% O. However, since the present sample is natural and not
purified, variations are expected. Table 1 summarizes characterization results reported
by other researchers. The majority of the studies had a higher TiO, concentration and a
minimal amount of hematite.

Table 1. Comparison of the ilmenite catalyst used in this study compared to the ilmenite used in other studies.

XRD (0/0) XRF (0/0) BET

FeTiOs Fe,03 TiO, Fe Ti (m?/g)

Present study (before reaction) 83.53 14.99 1.2 34.60 32.30 10.42
Present study (recovered catalyst after reaction) 82.43 16.08 1.49 - - -
Garcia-Muioz et al. [21] 85 - 15 36 37 6

Canas-Martinez et al. [28] 69.50 2.81 4.18 NA* NA * NA*
Silveira et al. [29] 85 - 15 36 37 6
Munoz et al. [22] NA* NA* NA* 36.2 37.0 4

* Information not reported in the reference.

Figure 2 shows the morphology of the catalyst used in the study. The larger particles
had an irregular angular morphology while the smaller particles had a near-spherical shape
with a high degree of agglomeration. The primary size of the particles in the agglomerates
was in the nano-range. It was postulated that these particles gave rise to the higher BET
surface area (10.42 m?/g) recorded in the present study compared to the values reported
in literature (Table 1). EDS images (Figure S1) confirmed a relatively even distribution of
titanium and iron throughout the material. The scattered silicon clusters were attributed to
amorphous SiO; since no crystalline quarts were detected in the XRD analysis.

2.2. Control Experiments

The effect of various process parameters on the decolorization of methyl orange dye
over time is presented in Figure 3. The time —30 to 0 min represents the experiment run in
the absence of light (in the dark). Minimal decolorization was observed in the presence of
ilmenite and HyO, alone. This is expected since the experiments were conducted at low pH
values, which are known to enhance the stability of HyO, [30]. However, the catalyst and
H,0, (dark) had a combined result in 84% degradation after 120 min. It should be noted
that only ilmenite was present in the first 30 min from —30 to 0 min and no degradation
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was observed. Upon the introduction of HyO,, a noticeable decolorization was recorded.
This confirms that the system behaves similarly to the Fenton’s reaction, where a source of
iron and H;O; is required to form the highly reactive hydroxyl (¢OH) free radicals.

Figure 2. SEM images of the raw ilmenite catalyst at various magnifications.
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Figure 3. The degradation of methyl orange under the presence and/or absence of various parameters.
Operating conditions: (MO) = 10 mg/L, (H,0;) = 2.5 mM, (ilmenite) = 1000 mg/L, pH = 3, and
temperature = +20 °C.

This is because the addition of UV irradiation creates a second pathway for radical
generation, as shown in reactions 1 and 2 [16]:

Fe’t + HyO, — Fe’" + eOH + OH™  (Fenton reaction)

)

Fe(OH)*" h:V Fe’" + «OH (photo-Fenton reaction) (2)

This second pathway leads to efficient cycling between Fe?* and Fe3*; here, the Fe3*
generated through the primary Fenton reaction is further reduced by the energy of the pho-
tons supplied through irradiation. It has long been observed that iron undergoes this type
of cycling when exposed to light, particularly in natural waters with the photo-oxidation
of dissolved organic matter [31]. Further research has shown that light is a driving force
in the iron redox cycle in aquatic environments where it is able to reduce Fe3* to Fe?* by
direct interaction with organic ligands or photochemically produced superoxide [15,16,31].

In this study, the effect of various irradiation sources on the rate of degradation was
investigated (Figure 3). UVA and visible light irradiation showed comparable degradation
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rates to the dark experiments; however, UVB irradiation resulted in a faster degradation.
This is supported by literature which states that UVB irradiation is the most effective
for Fe** photoreduction, thus increasing the amount of Fe?* in the system compared
to other irradiation wavelengths [32-34]. A study conducted by Eskandarian et al. [35]
on the degradation of pharmaceuticals using TiO, in photocatalysis examined the effect
of different wavelengths on degradation efficiency. They found that as the irradiation
wavelength increased, photo energy decreased and thus degradation rates also decreased.
It is thought that this observation might explain why UVB irradiation had the fastest
degradation rate compared to the UVA and visible light wavelengths in the present study.
In addition, UVB irradiation has been shown to produce higher concentrations of Fe>* than
UVA irradiation [36].

2.3. Effect of pH

The pH plays a critical role in the classic Fenton’s reaction. Several studies have
reported the optimum pH to be in a narrow range between 2 and 3 [14,16]. Figure 4a reports
the MO degradation at various pH under UVB irradiation. Complete decolorization was
observed after 75 min for the pH levels 2.0 and 2.5, and after 90 min for pH 3.0. Virtually
no degradation was recorded at pH 5. Complementary studies to determine whether the
pH influences the availability of Fe and ultimately the extent of the reaction were also
conducted. These results are presented in Figure 4b. The Fe available in the solution
increased with decreasing initial pH. A maximum iron concentration of 1.88 mg/L for pH 2
and 0.55 mg/L for pH 3 was determined after 120 min of contact time. It is noteworthy
that at pH 5, no iron leached was detected. This suggests that the degradation reaction
proceeded as a homogeneous Fenton-type reaction rather than a heterogeneous reaction [33]
since Fe had to leach from the catalyst before the degradation process. Several studies have
reported that homogeneous Fenton-type reactions are associated with the sludge formation
and deactivation of the solid catalysts since continuous leaching results in the destruction
of the catalyst [15,37]. However, in this study, no noticeable change in the crystal structure
was observed after the reaction (Figure 1).

Optimum degradation occurred at pH 2.5; this was attributed to the combined behav-
ior of Fe and H,O; at different pH values. At pH values above 3, the reduced iron (Fe?t)
can potentially re-oxidize and precipitate, resulting in decreased eOH generation [38,39].
Additionally, it has been reported that when the solution pH is below 2.5, the scavenging
effect of the «OH radicals increases due to the excess H* ions generated [19]. Garcia-Mufioz
et al. [40] showed that the use of ilmenite in the CWPO process could work efficiently at
a circumneutral pH; this was attributed to the high percentage of rutile in the ilmenite
sample. The authors suggest that different mechanisms drive H,O, decomposition at
different pH levels. They posit that under a circumneutral pH, decomposition is mainly
driven by the generation of electron/hole pairs that can be attributed to the TiO, content.
In this study, it is unlikely that this mechanism was dominant given the low quantities of
TiO, present in the catalyst (Table 2).

Table 2. Kinetic parameters obtained after fitting the PFO and PSO kinetic models to the experimen-
tal data.

First Order Second Order
Concentration k (min~1) R2 k (L/(mol-min~1) R2
5mg/L 0.09538 0.996 0.06485 0.9957
10 mg/L 0.07856 0.9985 0.02120 0.9828

20 mg/L 0.03429 0.9886 0.003882 0.9476
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Figure 4. (a) Degradation of methyl orange at different pH levels under the influence of the
UVB irradiation (b) leaching of Fe into the solution at different pH values. Operating condi-
tions: (MO) =10 mg/L, (H,O,) = 2.5 mM, (ilmenite) = 1000 mg/L, temperature = +20 °C, and
irradiation = UVB (A = 310-350 nm).

The iron Pourbaix diagram reveals that speciation strongly depends on solution
pH [38,39]. At pH values below 9, Fe?* is the dominant species, while below pH 4, Fe3*
dominates. The presence of both Fe species is needed for the cycling of iron in the system,
which increases the efficacy of the reaction. Therefore, the pH and irradiation source play a
large role in the efficient cycling of iron in the photo-Fenton system [16].

The main reaction mechanism was therefore postulated to be similar to the classic
Fenton reagent [41]. Firstly, FeZ* enters the solution as a result of dissolution from the
catalyst surface at low pH. Thereafter, the dissolved Fe ions react with H,O, to produce
Fe3*, OH~, and a ¢OH radical according to reaction 3.

Fe?" (1) + H202(aq) — Fe™ (4q) + ¢OH(oq) + OH ™ () 3)

The generated #OH radical reacts with the methyl orange compound, breaking down
the azo dye bonds and likely producing short-chain organic acids, some of which will
be mineralized to CO, and water as they are exposed to more hydroxyl free radicals
(reaction 4).

C14H14N3NaS ,q) + OH (,) — (Short Chain Organic Acids) + Ho,O+CO,  (4)
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The generated Fe3* in solution is reduced by the OH™~ to generate more Fe?* and
another eOH radical according to reaction 5 below.

3 — 2
Fe’™ (1q) + OH ™ (aq) — Fe’™ (5q) + eOH o) ®)

The proposed reaction and Fe cycling will continue until the depletion of H,O, in
the system. The free radicals react with the organic molecules present through three main
mechanisms, namely demethylation, methylation, and hydroxylation [42,43].

Although some iron leaching does occur, it is evident from the XRD analysis (Figure 1)
that negligible changes in mineral composition occur to the catalyst. Therefore, it is
proposed that the reaction begins on the surface and continues in the solution once enough
iron has leached. However, it is also noted through the iron leaching data that minimal
quantities of iron are present in the solution. The reaction mechanism is more comparable
to the classical homogeneous Fenton’s reaction rather than the heterogeneous reaction [36].

2.4. Effect of Catalyst Loading

The effect of catalyst loading on the MO degradation efficiency was investigated and
it was established that degradation increased with increasing catalyst loading (Figure 5a).
Optimum degradation occurred at a loading of 2000 mg/L; beyond this loading, no
appreciable increase was observed. Figure 5b indicates that the amount of iron leached into
the solution increased with an increase in catalyst loading. Dissolved iron concentrations
of 0.85 and 3.0 mg/L were recorded after 30 min of contact time for 500 and 2500 mg/L
catalyst loadings, respectively. This observation was attributed to the simple increase
in the amount of iron. However, an analysis of the ratio of leached iron compared to
the theoretical iron available in the catalyst had an inverse relationship, where 0.49%
iron was leached from 500 mg/L catalyst loading compared to 0.35% for the 2500 mg/L
loading. Interestingly, the 2000 mg/L loading, which presented the fastest degradation
rate, had 2.5 mg/L Fe in the solution, which corresponds to 0.36%. This implies that a
higher concentration of Fe?* leached into the solution does not necessarily promote the
degradation reaction; rather, it was postulated that there is a maximum level of Fe2* in the
solution that can react with H,O, to generate «OH radicals.

Figure 5 shows that while it took 90 min to achieve a maximum degradation from
the onset of the run, maximum iron leaching occurred in the first 30 min, after which the
concentration remained constant. Further tests with shorter sampling times were conducted
to determine the Fe leaching kinetics (Figure 5c). The kinetics were best described by the
pseudo-second order (PSO) model, which had an R? value of 0.992 and a rate constant of
0.264 g.mg~'min~! compared to the R? of 0.979 and rate constant of 0.78 min~! for the
pseudo-first order (PFO) model. The 95% prediction intervals are also presented in the
shaded area. A narrower band observed in the PSO model signifies better probability for
future observations and it can confidently be used for further work.

2.5. Effect of HyO, Concentration

Hydrogen peroxide is an important reagent in the Fenton’s reaction as it provides
the reactive «OH free radicals responsible for initiating the degradation reaction. The
effect of H,O, concentrations on the degradation of methyl orange is shown in Figure 6.
The complete mineralization of MO occurs according to reaction 6. Based on this reac-
tion, the 10 mg/L MO concentration used in Figure 6 required 1.31 mM of H,O, at the
stoichiometric ratio.

C14H14N3035Na + 43H,0, — 14CO; 4 3HNO3; + NaHSO4 + 48H,0 (6)
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Figure 5. (a) Degradation of methyl orange at various catalyst loadings.

(b) Iron leaching at

various catalysts loadings. (c) Leaching kinetics at a 2000 mg/L loading. Operating conditions:
(MO) =10mg/L, (HyO,) = 2.5 mM, pH = 2.5, irradiation = UVB (A = 310 nm-350 nm), and
temperature = +20 °C.
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Figure 6. Effect of HyO, concentration on methyl orange degradation. Operating conditions:
(MO) =10 mg/L, (ilmenite] = 2000 mg/L, pH =2.5, irradiation = UVB (A = 310 nm-350 nm), and
temperature = £20 °C.

Therefore, the concentrations of 0.25, 0.5, and 1 mM in Figure 6 were below the
stoichiometric amount required for complete breakdown of MO. Nevertheless, for the
last two concentrations, complete decolorization of the MO was achieved. It should be
noted that the amount of HyO, required for the decolorization of MO with intermediate
formation is lower than the stoichiometric amount required for the complete breakdown
of the primary MO structure. When the stoichiometric amount was exceeded, i.e., at 1.5,
2.5, and even 10 mM, complete decolorization was also achieved. However, when the
amount of HyO, was too high, at 40 mM, i.e., about 30 times the stoichiometric amount,
the catalytic activity dropped and only 60% of the MO was decolorized.

Excess HyO; can lead to an increase in the scavenging effect by H,O, on ¢OH radicals,
which can inhibit the reaction by producing weaker oxidizing radicals [19]. The scavenging
effect of excess HyO, is summarized in reaction 7 [44].

H,O, + e¢OH — H,0 + ¢O,H (7)

The resulting hydroperoxyl radical (¢O,H) has a lower redox potential (1.7 V) than
the hydroxyl radical (¢OH) which has a redox potential of 2.7 V [45,46]. Therefore, these
radicals have a lower oxidizing capacity and thus can decrease the rate of degradation [46].

2.6. Effect of Initial MO Concentration

The rate of methyl orange degradation was shown to be directly dependent on the
initial concentration (Figure 7). A two-fold increase in the MO concentration from 5 to
10 mg/L did not show an appreciable change in the degradation rate; however, doubling
the concentration to 20 mg/L slowed down the reaction significantly. This observation
is most likely due to a variation in the pollutant to H,O, stoichiometric ratio; at higher
pollutant concentrations, the system became H,O,-deficient. In the present study, the initial
concentration of the HyO, was kept constant, resulting in MO to HyO ratios of 67, 33, and
16 for the 5, 10, and 20 mg/L amounts, respectively. Surprisingly, even though the rate of
decolorization of the 20 mg/L MO solution was slow, near-complete degradation was still
achieved after 60 min. Other studies reported that the initial pollutant concentration did
not affect the efficiency of the system when a stoichiometric amount of H,O, was added in
accordance with the initial organic load [18].
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Figure 7. The degradation of methyl orange overtime at different initial concentrations. Operating con-
ditions: (ilmenite) = 2000 mg/L, (HyO,) = 1.0 mM, pH = 2.5, irradiation = UVB (A = 310 nm-350 nm),
and temperature = +20 °C.

In order to further analyze the degradation kinetics at various initial MO concentra-
tions, the experimental data were fit to several commonly used kinetic models. It is widely
acknowledged that the Fenton’s reaction mechanism is complex as it consists of numer-
ous parallel and serial reactions involving different molecular and radical species [47].
Due to this complexity, performing a detailed kinetic analysis is challenging even for
the model wastewaters, where most of the organic compounds present in the reaction
mixture are known. Therefore, the data was fit to the pseudo-first order (PFO) and pseudo-
second order (PSO) kinetic models. The analytical form of the equations is shown in
Equations (8) and (9), respectively.

C=Cpe™ ®)
__ G
€= 1+ kCot ©)

The fits for the two models at varying concentrations are shown graphically in Figure 8.
The shaded areas in the figure show the 95% prediction bands for the respective fits. These
bands represent the areas with a 95% probability of future observations [48]. Table 2
summarizes the non-linear kinetic parameter fits for the models. Relatively good fits were
obtained for the PFO model, with R? values of 0.996 and 0.9886 for the initial concentration
5 and 20 mg/L, respectively, while the PSO model had R? values of 0.9957 and 0.9476
for the same initial concentrations. However, the 95% prediction bands for both models
showed a large uncertainty in the location of future observations. For example, the PFO
model fit for the 10 mg/L experiments predicted a range of 9.6 to 10.8 mg/L for the initial
concentration; this was narrower than the 8.2 to 12.3 mg/L range predicted by the PSO
model. The uncertainty of the future observations increased even further for the 20 mg/L
runs. These extremely large uncertainties makes the application of these kinetic models
extremely risky. For the present study, it can generally be concluded that the PFO model
best fits the data. However, it is worth noting that the degradation kinetics of methyl orange
using various AOPs have resulted in conflicting results, with some authors identifying the
reaction as first order [49] and others as second order [50].
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First and second order kinetic modelling at varying initial MO concentrations:
(a) MO =5mg/L, (b) MO =10 mg/L, and (c) MO =20 mg/L.

2.7. TOC Removal

Near-complete degradation was observed for solutions of the MO concentrations in
the range of 5-20 mg/L. However, the extent of the mineralization was not as high, with
37% TOC removal recorded after 60 min (Figure 9) for a 10 mg/L MO aqueous solution.
Fenton-type reactions are renowned for their ability to significantly reduce the total organic
carbon (TOC) in both simulated water and environmental samples [19]. However, it is
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acknowledged that the extent of mineralization is largely dependent on the chemical struc-
ture of the target compounds, among other factors [51]. Complex aromatic compounds
such as MO are less likely to be directly converted into CO, and H,O. Rather they un-
dergo an intricate degradation mechanism, resulting in the formation of an assortment of
intermediate organic compounds [52]. It was therefore postulated that similar degradation
pathways with intermediate formations occurred in the present investigation.

TOC removal, %

| 1
200 300
Time, min

T
0 100

Figure 9. TOC removal over time with an addition of 1.0 mM of H,O, every 60 min. Operating
conditions: (MO) = 10 mg/L, (H20,) = 1.0 mM, (ilmenite) = 2000 mg/L, pH = 2.5, irradiation = UVB
(A = 310 nm~-350 nm), and temperature = £20 °C.

In this study, it was hypothesized that the TOC removal was HyO,-limited since
excess catalyst loadings did not lead to an increase in the rate of reaction. However, the
effect of HyO, concentration studies revealed that excess amounts negatively affected the
reaction due to possible scavenging effects. Taking this into consideration, cyclic tests,
which involved adding a fresh dose of 1.0 mM of H,O; into the reactor at 60 min intervals,
were conducted with the aim of improving the TOC removal efficiency. Some studies have
shown that a stepwise addition of H,O, improves the efficiency of the Fenton process [53].
Figure 9 shows the evolution of TOC after five cycles. Forty percent of the TOC remained,
implying 60% mineralization.

3. Materials and Methods
3.1. Materials

Pre-milled (<54 pm) ilmenite was supplied by AMIS Matrix Reference Materials
(AMIS 0454). The ilmenite was sourced from the Tronox Namakwa Sands Mine at Brand-
se-Baai in the Northern Cape province of South Africa. Methyl orange powder (85%),
sulphuric acid (HpSO4; 98%), and H,O, (30%) were all purchased from Sigma Aldrich (St.
Louis, MO, USA). All materials were used as received without further processing apart
from HpSO, which was diluted with ultrapure (de-ionized) water before use. De-ionized
water from a Purelab Flex 3 was used in the mixing of all solutions. Three different tubular
lamps with different wavelengths were used as sources of irradiation. Table 3 shows the
model and corresponding wavelengths of the lamps used.
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Table 3. The model and peak wavelengths of the different lamps used for irradiation.

Irradiation Source Model Peak Wavelengths (nm)
UVA Philips TL-K 40 W/10 R Actinic BL Reflector 365
UVB Exo Terra Reptile UVB 200 18 W, 60 cm 310-350
Visible Philips Master Super 80 TL-D 18 W /865 440, 560, 640

3.2. Catalyst Characterization

The catalyst was characterized to elucidate its morphology, mineralogy, elemental
composition, and BET surface area. A Zeiss Ultra Plus field emission scanning electron
microscope (FE-SEM) was used to capture the SEM/EDS images. XRD spectra were
determined using a PANalytical X'Pert Pro powder diffractometer in 6-6 configuration
fitted with an X’Celerator detector and variable divergence with Fe-filtered Co-Ko radiation
(A = 1.789 A)-fixed slits. The mineral phases present were confirmed using X'Pert Highscore
plus software, which indexed the spectra against the ICSD database. The weight fractions of
the various phases were estimated using the Rietveld method. The elemental composition
of the catalyst was examined using the Thermo Fisher ARL Perform’X Sequential XRF
instrument with Uniquant software. Only elements found above the detection limits
were reported. A Micrometrics Tristar 3000 BET analyzer was used to determine the BET
surface area. All samples were degassed for 24 h at 150 °C under a 10~° Torr vacuum
before analysis.

3.3. Methods

All degradation experiments were conducted in a closed container lined with reflective
material in a temperature-controlled environment (20 °C). Two magnetic stirrers were
placed in the container with a tubular lighting fixture placed directly above the stirrers. In
addition, 0.8 L beakers served as reactors; for every experiment, 400 mL of methyl orange
dye (MO) solution was used. The pH was adjusted to the desired value using a few drops
of concentrated H,SOy; thereafter, the required amount of the catalyst was added. The
MO-catalyst suspension was left to equilibrate in the dark for 30 min before switching on
the light source and adding H,O,. Several aliquots were taken at predetermined intervals,
centrifuged, filtered, and analyzed using a WPA-Lightwave II UV-vis spectrophotometer.

A set of control experiments were conducted to establish the effect of the presence of
the catalyst, namely H,O, or light alone on the degradation of MO. The following initial
conditions were used: (MO) = 10 mg/L, (ilmenite) =1 g/L, (H,O;) = 2.5 mM, pH =3, and
irradiation = UVB.

The subsequent parameter optimization experiments were conducted following a
procedure similar to the one described for the control experiments. However, alterations
were made to the parameter being optimized. The initial conditions were used in all
experiments unless the optimal condition was determined, in which case the optimal
condition was used. The effect of pH was investigated at pH values of 2, 2.5, 3, and 5. This
was tested in conjunction with four irradiation conditions (dark, UVA, UVB, and visible).
Thereafter, the effect of the catalyst loading was tested in a range of 0 mg/L to 2500 mg/L,
followed by the optimization of the effect of the H,O; concentration ranging from 0.0 mM
to 40.0 mM. Once the optimal conditions were determined, methyl orange concentrations
were varied to examine the effect of the initial concentration (5, 10, and 20 mg/L).

In order to establish the dominant reaction mechanism, the concentration of iron in
solution was determined at varying pH and catalyst loadings. The iron concentration
was determined using a spectro genesis inductively coupled plasma optical emission
spectrometry (ICP-OES). An additional 24 h leaching tests at pH 2.5 were conducted
in order to determine the stability of the catalyst. XRD analysis was conducted on the
recovered solid residue.
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The degree of the mineralization of the MO was investigated using a Shimadzu TOC-V
wp Total Organic Carbon (TOC) analyzer. Samples were analyzed before reaction and after
selected periods thereafter. The extent of the MO degradation and possible formation of
organic intermediate products was analyzed using a Nexera LC-40 System coupled to an
LCMS-9030 Q-TOF operated in the negative ESI mode. Chromatographic separation was
performed using a gradient of the mobile phase (A), water containing 0.1% (v/v) formic
acid, and (B) acetonitrile.

4. Conclusions

Naturally occurring South African ilmenite sands were found to be an effective iron-
bearing catalyst in the chemical wet peroxide oxidation of methyl orange dye in simulated
wastewater. Complete decolorization of MO was observed, leading to unidentified inter-
mediate products. The reaction was highly dependent on the initial pH of the solution,
which in turn influenced the extent of iron leaching. Decolorization occurred via the ho-
mogeneous Fenton's reaction mechanism, although less leached iron was required. UVB
irradiation improved the rate of reaction by aiding the cycling of Fe (II) and Fe (III) in the
aqueous phase. The concentration of H,O, was found to play a pivotal role in both the
decolorization of MO and subsequent mineralization of the intermediate products formed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11121452 /s1. Figure S1: SEM-EDS Micrographs of three different sites (a, b and c) of the
catalyst sample using EDS to determine the elemental composition.
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