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Abstract: Acid mine drainage was utilized to catalyze the solar photo-Fenton treatment of wastewater
coming from a sludge dewatering system. Acid mine drainage in the form of iron-rich liquid or
synthesized minerals (namely magnetite, hematite, and goethite) was added in the wastewater, which
was treated by means of the solar photo-Fenton process. The effects of operational parameters such
as the amount of acid mine drainage, the wastewater matrix (i.e., synthetic and real wastewater),
and the initial H2O2 concentration municipal wastewater’s organic content were explored. The
results showed that using acid mine drainage (liquid phase) for wastewater treatment was more
efficient than using the acid-mine-drainage-recovered minerals. Moreover, it was observed that the
addition of acid mine drainage above 10.7 mL/L wastewater, which is equivalent to 50 mg/L iron,
could substantially reduce the removal percentage of the chemical oxygen demand (COD). At the
best conditions assayed, COD removal reached 99% after 90 min of photo-Fenton treatment under
simulated solar light, in the presence of 30 mg/L Fe (i.e., 6.4 mL drainage/L of real wastewater)
and 1000 mg/L H2O2 at a pH of 2.8. Therefore, the solar photo-Fenton treatment of municipal
wastewater catalyzed by acid mine drainage may appear to be a promising method to effectively
improve wastewater management, especially in areas with high solar energy potential.

Keywords: sewage treatment; wastewater management; advanced oxidation processes; solar process;
circular economy in wastewater; acid mine drainage

1. Introduction

The release of unprocessed acid mine drainage (AMD) can be a major environmental
problem in countries with mining activities. AMD is the discharge of harmful substances
such as heavy metals and dissolved organics coming from the reaction of water with mining
waste [1]. Upon exposure to such waters, chemicals present in AMD can pose a serious
threat to aquatic and terrestrial organisms [2,3]. Generally, in active mines, AMD generation
can largely be avoided by using engineering solutions or in situ treatment. However, in
abandoned mines, AMD can still contaminate adjacent ecosystems and receiving water
bodies, as it can travel with groundwater [4–6]. Nonetheless, if AMD is managed properly,
such hazards can be avoided and mitigated [4]. The conventional neutralization process
for AMD treatment is still widely used, although it can be too complex and expensive
and cause secondary contamination [7,8]. Therefore, other more sustainable treatment and
management methods have recently been explored.

AMD can be an excellent resource for material recovery due to its high content of
valuable metals and minerals [9]. Masindi et al. (2020) could successfully recover gypsum,
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as well as Fe-species, for the production of magnetite, goethite, and hematite from real-
coal-mine AMD [10]. Other substances recovered from AMD are rare earth elements
and copper [11–13]. The use of iron particles recovered from AMD as adsorbents for
the removal of pollutants from wastewater and for manufacturing catalysts for Fenton
reactions has been previously reported [8]. Nevertheless, the synthesis of the majority of
iron oxide nanoparticles takes place at high pH values and temperatures, thus increasing
the complexity and the cost of the treatment.

Photo-Fenton treatment is an advanced oxidation process (AOP), which is primarily
based on the generation and utilization of short-lived highly reactive radical species, such
as hydroxyl radicals, HO• (E◦: 2.80 V) [6]. In the presence of solar light (solar/Fe2+/H2O2),
a renewable source of energy, additional hydroxyl radicals can be generated, as shown in
Equations (1)–(11) below. These radicals can react with organic pollutants and eventually
oxidize them into mineral end products such as CO2 and water [14–19].

H2O2 + hν→ 2HO• (1)

Fe3+ + H2O + hv→ Fe2+ + H+ + HO• (2)

Fe2+ + H2O2 → Fe3+ + HO− + HO• (3)

Fe2+ + HO• → Fe3+ + HO− (4)

H2O2 + HO• → H2O + HO2
• (5)

Fe3+ + H2O2 → Fe2+ + HO2
• + H+ (6)

Fe3+ + HO2
• → Fe2+ + H+ + O2 (7)

Fe2+ + HO2
• → Fe3+ + HO2

− (8)

2HO• → H2O2 (9)

2HO2
• → H2O2 + O2 (10)

HO• + HO2
• → H2O + O2 (11)

The transition of Fe3+ to Fe2+ takes place faster under solar irradiation than in dark
Fenton reactions [20]. This could make solar photo-Fenton process an attractive option for
mitigating water pollution, especially in locations such as South Africa, where solar irradia-
tion is abundant [21] and access to clean water may not always be presumed. Moreover,
Fenton reactions take place in an acidic environment (optimal pH is 2.8), which makes
it an even more attractive process for the management of AMD, which is a highly acidic
substance (pH can range from 2 to 4) [9].

Many studies have focused on the use of iron-rich AMD sludge to remove pollutants
from water. For example, Tony et al. (2022) utilized AMD sludge as a source of iron to start
Fenton reactions and developed a lab-scale system, which achieved a 73% COD decrease at
an optimum AMD sludge concentration of 41 mg/L. Moreover, a 91.4% removal of organics
from vehicle-washing water was achieved at a pH of 4.0, using 92 mg/L and 354 mg/L of
AMD sludge and H2O2 concentrations, respectively [22]. To the best of our knowledge,
there is no study that has explicitly dealt with utilization of AMD effluent (i.e., liquid phase
and not the sludge) for the degradation of pollutants in a photo-Fenton treatment system. It
should be noted that the co-treatment of AMD effluent and municipal wastewater has been
previously studied by our group [23] by means of dilution, precipitation, co-precipitation,
adsorption, and crystallization processes. In that study, it was observed that, due to the
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AMD’s high iron content, the addition of a Fenton-based step in the co-treatment train
system could potentially enhance its feasibility.

Therefore, the aim of this study was to use an AMD effluent as a source of iron to catalyze
the treatment of municipal wastewater (MWW) in a solar photo-Fenton system. Operational
parameters such as the iron and H2O2 concentration, the organic content of the wastewater, and
the water matrix (i.e., synthetic and real wastewater) were explored. AMD-recovered iron-rich
catalysts were also tested and compared to using an AMD effluent in the treatment process. The
results could be used to develop a sustainable treatment system based on the use of solar energy
that would work in a circular economy manner, where waste from one source (i.e., AMD) is
used as a resource for the treatment of another waste (i.e., MWW).

2. Materials and Methods
2.1. Materials

The synthetic wastewater (Table 1) was prepared by using FeSO4.7H2O (CAS No. 7782-63-0;
≥99.0%), NaO2C2H3 (CAS No. 6131-90-4; ≥99%), K2HPO4 (CAS No. 7758-11-4; ≥98%), and
CaCl2 (CAS No. 10035-04-8; ≥99%) purchased from Sigma Aldrich (Dorset, UK). MgSO4.7H2O
(CAS No. 10034-99-8; 99.5%) from Fisher Scientific and NH4Cl (CAS No. 12125-02-9;≥99.5%)
from Sigma Life Science were also used as received. H2O2 (CAS No. 7722-84-1; 35%), which was
purchased from Sigma Aldrich (Dorset, UK), was used as an additional oxidant.

Table 1. Chemical composition and physicochemical characteristics of synthetic wastewater.

Synthetic Wastewater (SWW)

Composition Physicochemical Characteristics
Chemical Compound Concentration (mg/L) Property Value

C2H9NaO5 1500 pH 7.08
NH4Cl 400 COD 768 mg/L

K2HPO4 21
FeSO4.7H2O 10
MgSO4.7H2O 12
CaCl2.2H2O 14

Real wastewater was collected from a sludge dewatering stream at a municipal wastewater
treatment plant in Gauteng Province in South Africa, and its physicochemical characteristics
are shown in Table 2. Wastewater samples were stored in high-density polyethylene narrow-
mouthed closed-top bottles and were kept at 4 ◦C. Instantly after collection, the wastewater
dewatering effluent was passed through a Macherey-Nagel filter paper (MN 615; 125 mm) to
get rid of the suspended solids and debris. AMD was collected from an active coal mine in
Mpumalanga Province (South Africa), and similarly with the municipal wastewater dewatering
effluent, AMD was filtered to eradicate the suspended solids and debris. Its physicochemical
characteristics are also shown in Table 2. Hematite, goethite, and magnetite were recovered
from AMD based on a process described in our previous publication [10] and were used as
catalysts to initiate the solar photo-Fenton treatment of municipal wastewater.

Table 2. Physicochemical characteristics of acid mine drainage and real municipal wastewater.

Property Acid Mine Drainage (AMD) Municipal Wastewater (MWW)

pH 2.6 12.2
COD 111 mg/L 255 mg/L

Total solids 29.19 mg/L 1.68 mg/L
Iron 4652.1 mg/L 0.03 mg/L

Calcium 562.4 mg/L 11.05 mg/L
Magnesium 481.9 mg/L 0.43 mg/L
Manganese 94.25 mg/L 0.00237 mg/L

Zinc 9.12 mg/L 0.00715 mg/L
Copper 5.98 mg/L 0.00281 mg/L
Cobalt 1.22 mg/L 0.0012 mg/L
Arsenic - 0.00424 mg/L

Cadmium 0.02 mg/L <0.0015 mg/L
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2.2. Experimental Procedure

All experiments were carried out in a photocatalytic reactor at 150 mL working volume
and at batch mode. A solar simulator (Oriel® LCS-100TM; Small Area Sol1A) was used
to resemble natural solar light, and irradiation was entering in the whole volume of the
wastewater from the top of its surface. The UVA irradiation intensity emitted by the solar
simulator was measured by a UVP UVX Radiometer (Analytik Jena, London, UK), which was
4.28 mW/cm2 at the larger distance from the lamp, and at the very top, next to the lamp, it
was 18.85 mW/cm2. The wastewater was continuously magnetically stirred (150–200 rpm) to
achieve uniform mixing and to promote dispersion. Iron was added in the wastewater either
as appropriate amounts of AMD or minerals, namely hematite, goethite, and magnetite, or in
the form of FeSO4. After that, the pH was brought to 2.8 by using 1 M nitric acid (70% HNO3).
Once the pH was regulated, an appropriate amount of H2O2 was added to the wastewater.
Then, the solar simulator was switched on, and the samples were periodically taken from the
reactor; filtered through 0.45 µm polyvinylidene fluoride (PVDF) syringe filters (CM Scientific
Ltd., Keighley, UK); and analyzed for COD, metals and H2O2 concentration, pH, and UV-Vis
absorbance. All experiments were carried out at room temperature. In all cases, the initial pH
of 2.80 for the reactant solution was slightly decreased to 2.40–2.60 after 180 min of treatment.
Representative experiments were carried out in triplicates, and it was found that the standard
error in COD removal was less than 5%.

2.3. Analytical Methods
2.3.1. Solid Characterization

The morphological, mapping, and elemental properties of goethite (FeO2H), hematite
(Fe2O3), and magnetite (Fe3O4) were measured using high-resolution (HR) field-emission
scanning electron microscope (FE-SEM) (SmartSEM®-Auriga®, North Berwick, UK) cou-
pled with a focused ion beam (FIB) and energy dispersive spectroscopy (EDS). Moreover,
the crystallography and micro-graphical properties of goethite, hematite, and magnetite
were further determined using high-resolution transmission electron microscopy (TEM)
(JEOL TEM-2100 electron microscope) equipped with EDS capabilities to support SEM-EDS
results. The National Institute of Standards and Technology (NIST) standards were used
for quality control and calibration of the instruments, and all analyses were performed in
ISO-accredited laboratories.

2.3.2. Aqueous Characterization

Photocatalytic performance was evaluated with respect to organic removal from
wastewater by measuring its chemical oxygen demand (COD) according to the potassium
dichromate standard method. A YSI 910 COD Colorimeter (YSI Xylem Analytics, Letch-
worth Garden City, UK), COD digestion tubes (Palintest PL450 (0–150 mg L−1) or PL484
(0–1500 mg L−1)), and a block heater (Hach 16500-10) were used for COD measurements.
H2O2 was monitored by the peroxide test strips (1–100 mg/L H2O2) purchased from Fisher
Scientific, UK. The pH was measured by using WTW OXI340i Oxygen Meter with a com-
patible pH probe. A Cary 100 Scan UV-Vis Spectrophotometer (VARIAN, Crawley, UK)
was used to measure wastewater’s absorbance at the 254–800 nm spectrum. The Mg, P, Ca,
and Fe concentrations in water were analyzed by 8900 Triple Quadrupole ICP-MS (Agilent
with an octopole reaction system), employing an RF power of 1550 W and RF Matching
voltage of 1.8 V, with argon gas flows of 15 L/min, 0.9 L/min, and 1.03 L/min for plasma,
auxiliary, and nebulizer flows, respectively. The spectrometer was operated in single quad
mode, with He gas added into the collision cell for the removal of interferents, with a He
flow rate of 10 mL/min.



Environments 2023, 10, 132 5 of 16

3. Results and Discussion
3.1. AMD-Recovered Catalyst

The morphological, microstructural, and mapping properties of goethite (FeO2H),
hematite (Fe2O3), and magnetite (Fe3O4), along with their EDS characteristics, are re-
ported below.

3.1.1. Map Sum Spectrums

The SEM-EDS spectrums for goethite, hematite, and magnetite were determined, and
their corresponding spectrums, along with the surface elemental compositions, are shown
in Figure 1. As observed in Figure 1a–c, the elemental composition of all recovered and
synthesized Fe-species comprised Fe, C, and O as major elements, along with traces of
Mg, Ca, Si, Al, Ti, S, and Mn. The presence of O can be traced back to the fact that the
synthesized minerals are Fe-hydroxide, while C can be traced back to the coating material as
a substrate (fine carbon layers) used in SEM for measurements of microstructural materials
and to improve the imaging of the Fe-based samples, not attributed to the mother material;
hence, it was disregarded in this study. To be more specific, it was estimated that the
synthesized goethite, hematite, and magnetite comprised close to 70% of the Fe content
in its microstructural matrices, micelles, and interlayers, thus confirming that these are
Fe-based minerals.
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3.1.2. Microstructural Morphology from Transmission Electron Microscopy

The micrographs of (a) goethite (FeO2H), (b) hematite (Fe2O3), and (c) magnetite
(Fe3O4) are shown in Figure 2.
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Figure 2. The HR-TEM micrographs show the morphological properties of (a) goethite (FeO2H),
(b) hematite (Fe2O3), and (c) magnetite (Fe3O4) at 100 nm magnification.

The results in Figure 2a–c clearly show that these materials comprise mixtures of
spherical and rod-like particles nanoparticles and sheets overlapping on top of each other.
To be more specific, the goethite (Figure 2a) and magnetite (Figure 2c) micrographs showed
the presence of rods meshed with spherical particles, while for hematite (Figure 2b), the
presence of polygonal and spherical nanosheets meshed to each other was observed.
Particles were consistent on the surface of all minerals, thus confirming that the used
minerals are homogeneous in terms of microstructural properties.

3.1.3. Focused Ion Beam Scanning Electron Microscopy

The morphological and microstructural characteristics of (a) goethite (FeO2H), (b) hematite
(Fe2O3), and (c) magnetite (Fe3O4) were ascertained using FIB-SEM (Figure 3a–c). In essence,
advanced HR-FIB-SEM-EDS was used to acquire clear, vivid, and high-resolution images that
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can meticulously depict microstructural and morphological properties. It was observed that
goethite and magnetite comprised spherical and rod-like structures on their matrices, while
hematite comprised spherical structures meshed together. The morphology was homogeneous
in all cases. Interestingly, the obtained results were congruent with the results obtained from the
HR-TEM, hence confirming the obtained results and our previous studies [9,24].
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Figure 3. High-resolution FIB-SEM images showing morphological properties of (a) goethite (FeO2H),
(b) hematite (Fe2O3), and (c) magnetite (Fe3O4) at 200 nm magnification.

3.1.4. Mapping of Elemental Distribution Using EDS

To further corroborate the SEM-EDS results as they pertain to the elemental com-
positions of goethite (FeO2H) (a–e), hematite (Fe2O3) (a–e), and magnetite (Fe3O4) (a–e),
elemental distribution mapping was also appraised using the HR-FE-SEM instrument
equipped with the EDS capabilities. The results are shown in Figure 4.
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(Fe2O3) (g–j), and magnetite (Fe3O4) (l–o).

The cut-across mapping of elemental distribution on the surface of goethite, hematite,
and magnetite can be shown in Figure 4. Specifically, goethite comprised Fe, O, S, and Al as
principal elements. The presence of Fe and O indicates the formation of Fe hydroxide, hence
the name Fe-hydroxide minerals; meanwhile, the presence of S, which precisely overlaps or
is meshed to Fe and O, denotes the formation of Fe oxyhydrosulphates in goethite matrices.
Moreover, it was observed that hematite comprised Fe, O, S, and Al as principal elements.
Fe and O denote the presence of Fe hydroxide, while Al and S indicate that Al and Fe
oxyhydrosulphates might have been formed. This is consistent with results reported in our
previous studies [10,23–25]. A similar trend was also observed for magnetite.

3.2. Photo-Fenton Treatment Process Using AMD-Recovered Catalysts

In our previous publication [11], iron was recovered from AMD in the mineral forms
of magnetite, hematite, and goethite. These iron-rich minerals (with ≥70% Fe content,
wt.%) were added in municipal wastewater to initiate the photo-Fenton treatment process.
The results are shown in Figure 5. Control experiments in the presence of 1000 mg/L
H2O2 in the dark and under simulated solar light, as well as under solar light alone, were
also carried out. The results from these experiments showed that COD removal of the
wastewater was less than 7% in all cases.

It was observed that COD removal was 35%, 25%, and 7% in the presence of hematite,
goethite, and magnetite, respectively. As can be seen in Figure 5b–d the concentration of
dissolved Fe in water was 10 mg/L for hematite and goethite but only 1 mg/L for magnetite.
These relatively higher iron concentrations were probably the reason why hematite and
goethite yielded higher COD removal efficiency than magnetite. This is also consistent
with chemical reactions (2) and (3), which show that increased amounts of iron, such as in
hematite and goethite, can increase the production of hydroxyl radicals thus oxidizing the
pollutants at higher rates. Moreover, results showed that the amount of total iron in water was
reduced after the end of treatment by about 40%, 10%, and 15% for goethite, hematite, and
magnetite, respectively. This may be attributed to the fact that small amounts of iron might
have precipitated in the form of Fe3+ in the solution during photo-Fenton oxidation. As far as
the other metals are concerned, Mg, Ca, and P remained almost unchanged during treatment
in the presence of hematite and goethite, while for magnetite, their concentration slightly
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increased at the end of treatment. Moreover, it should be noted that the initial 1000 mg/L
H2O2 was consumed in the first 30 min of treatment, reaching a plateau of 100 mg/L H2O2,
which remained almost constant until the end of the treatment (i.e., 180 min). This indicates
that chemical reactions (1) and (3) were favored in the first 30 min of treatment and after
that radicals were generated mainly by means of chemical reaction (2), since no further
considerable H2O2 consumption was observed.
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Figure 5. (a) COD removal in the presence of AMD-recovered catalysts during solar photo-Fenton
treatment. Metal concentration in water before and after 180 min treatment in the presence of
(b) goethite, (c) hematite, and (d) magnetite. Experimental conditions: SWW; 1000 mg/L H2O2; initial
pH is 2.8; catalyst concentration is 1 g/L; influent COD = 725 ± 20 mg/L.

To further explore the COD removal potential of hematite and goethite in the solar
photo-Fenton process, more experiments were carried out at catalyst concentrations of
1 g/L, 2 g/L, and 4 g/L (Figure 6). It was observed (Figure 6a) that COD was 30%, 29%, and
23% removed in the presence of 1 g/L, 2 g/L, and 4 g/L of hematite, respectively, showing
that, by increasing hematite’s initial concentration, the COD removal rates start to slightly
decrease. Similarly, COD removal was 24%, 11%, and 12% in the presence of goethite
concentrations of 1 g/L, 2 g/L, and 4 g/L, respectively (Figure 6b). It can be observed that
when the goethite concentration is doubled from 1 g/L to 2 g/L, the COD removal is more
than halved (from 24% to 11%). This decline in COD removal, which was observed for
both hematite and goethite, might be attributed to the fact that (a) high amounts of catalyst
(e.g., 2 g/L and 4 g/L) can hinder the penetration of solar light into the bulk solution
by absorbing, scattering, or reflecting irradiation; and (b) the catalyst’s high amounts of
suspended particles can shield organic pollutants, thus inhibiting oxidation. Catalyst
concentrations at the same order, such as 0.75 g/L [26], 1 g/L [27], and 3 g/L [28], have
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been previously reported as optimal for solar heterogeneous photocatalysis of municipal,
colored, and agro-industrial wastewater, respectively.
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3.3. AMD Catalyzed Photo-Fenton Reaction

To assess whether the addition of AMD (liquid phase) can achieve higher COD
removal rates than those yielded in the presence of AMD recovered minerals, as was
described in the previous section, the following experiments (Figure 7) were carried
out. First, 161 × 10−3 mL (1.1 µL ADM/mL SWW), 322 × 10−3 mL (2.1 mL ADM/L
SWW), 967 × 10−3 mL (6.4 mL ADM/L SWW), 1612 × 10−3 mL (10.7 mL ADM/L SWW),
2257 × 10−3 mL (15 mL ADM/L SWW), and 3224 × 10−3 mL (21.5 mL ADM/L SWW)
AMD were added to 150 mL synthetic wastewater, matching with the initial Fe concentra-
tions (as measured by ICP-OES) of 5 mg/L, 10 mg/L, 30 mg/L, 50 mg/L, 70 mg/L, and
100 mg/L, respectively. The results showed that COD removal increases to 12%, 56%, and
69% in the presence of 10, 30 and 50 mg/L iron, respectively, during the co-treatment of
wastewater with appropriate amounts of AMD. These results can be attributed to the fact
that, at low iron concentrations (e.g., ≤10 mg/L), the amount of HO• and other reactive
species generated in the water is low, and only some of the organics are oxidized. Figure 7
shows that an increase in iron at 30 mg/L and 50 mg/L is sufficient to degrade 56% and
69% COD, respectively. Above this point, it was observed that COD removal decreases
at 52%, 47%, and 20% (in the presence of 70, 100, and 500 mg/L iron), respectively. This
decline in photo-Fenton efficiency at concentrations ≥50 mg/L Fe could be attributed to
increased amounts of Fe2+/Fe3+ in the solution, which can form chromophoric complexes
with organic matter in water [28] and/or can scavenge hydroxyl radicals, as described
in Equation (4). Iron can be found in AMD in both Fe2+ and Fe3+ forms, with the latter
tending to precipitate in water due to its relatively low solubility. The presence of chro-
mophores was indicated by an increase in UV-Vis absorbance in the visible area of the
spectrum. For example, at 400 nm, the initial UV-Vis absorbance was 0.123, 0.143, 0.214,
and 0.814 with 5 mg/L, 10 mg/L, 50 mg/L, and 100 mg/L Fe. These chromophores could
absorb the irradiation emitted from the solar simulator, therefore decreasing the photon
energy available for organics oxidation and the removal of COD from water. Moreover,
Fe3+ might be possible to precipitate in the water, even at trace concentrations, despite its
low pH. The presence of these solid particles in the solution may have also contributed,
to a much lesser extent than chromophores, to the decrease in COD removal. It has been
previously reported that, at a pH of 2, the oxidation rate of 100 mg/L Fe2+ into Fe3+ was
8.4 × 10−7 µg/L, which, in addition to the 29.19 mg/L of solids already contained in AMD,
may have contributed to the decreasing COD removal. This could be attributed to the fact
that the penetration of irradiation into the whole water volume can be prevented due to
light reflection, refraction, or scattering processes. Moreover, increased amounts of solids
in water might shade organic pollutants from light and inhibit their oxidation. Therefore,
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the optimal process efficiency can be obtained in the presence of 50 mg/L Fe sourced
from AMD.
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1000 mg/L H2O2; pH is 2.8; simulated solar light.

3.4. Effect of H2O2 Concentration

Several H2O2 concentrations in the range of 100–1000 mg/L were tested to explore
its effect on the photo-Fenton wastewater treatment catalyzed by AMD. Figure 8 shows
that COD removal was 25%, 30%, 34%, 40%, and 50% after 180 min of treatment in the
presence of 100 mg/L, 200 mg/L, 400 mg/L, 800 mg/L, and 1000 mg/L H2O2. It was
observed that COD removal increases when the initial H2O2 is increased, which can be
attributed to the increase in HO• radicals generated in water due to the photo-Fenton
decomposition of H2O2, as described in chemical reactions (1) and (3). This is consistent
with H2O2 measurements, which showed (data not presented) that H2O2 was consumed
after about 150 min of treatment, in almost all cases, when COD removal percentages
practically reached a plateau with no further increase. Therefore, subsequent experiments
were carried out at 1000 mg/L H2O2, as it was deemed that a further increase in the H2O2
amount would impact the environmental sustainability and cost of the process.



Environments 2023, 10, 132 12 of 16
Environments 2023, 10, x FOR PEER REVIEW 13 of 17 
 

 

 

 

Figure 8. (a) COD removal and (b) hydrogen peroxide concentration during photo-Fenton treatment 
of synthetic wastewater (SWW) in the presence of different initial concentrations of H2O2. Experi-
mental conditions: 5 mg/L FeSO4; pH is 2.8. 

3.5. Effect of Influent’s Organic Content 
A common technical challenge in wastewater engineering is that the physicochemical 

characteristics of wastewater, including its organic content, can vary significantly between 
sampling times. Assessing the kinetic reaction rates could adequately address this issue. 
Therefore, experiments were carried out at different initial COD concentrations (205 mg/L, 
391 mg/L, and 739 mg/L) by diluting synthetic wastewater with appropriate amounts of 
de-ionized water (i.e., SWW:DW ratios were 1:4, 1:2, and 1:1, respectively). The results are 
shown in Figure 9, where it can be observed that the COD removal was 25%, 36%, and 
54% after 180 min of treatment for wastewater with an initial COD of 739 mg/L, 391 mg/L, 
and 205 mg/L, respectively. 

This increase in process efficiency when the initial organic content decreased could 
be attributed to the fact that, at a low initial COD, there were lower amounts of organic 
pollutants in the water, and therefore, a greater amount of them can be oxidized by the 
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ment of synthetic wastewater (SWW) in the presence of different initial concentrations of H2O2.
Experimental conditions: 5 mg/L FeSO4; pH is 2.8.

3.5. Effect of Influent’s Organic Content

A common technical challenge in wastewater engineering is that the physicochemical
characteristics of wastewater, including its organic content, can vary significantly between
sampling times. Assessing the kinetic reaction rates could adequately address this issue.
Therefore, experiments were carried out at different initial COD concentrations (205 mg/L,
391 mg/L, and 739 mg/L) by diluting synthetic wastewater with appropriate amounts of
de-ionized water (i.e., SWW:DW ratios were 1:4, 1:2, and 1:1, respectively). The results are
shown in Figure 9, where it can be observed that the COD removal was 25%, 36%, and 54%
after 180 min of treatment for wastewater with an initial COD of 739 mg/L, 391 mg/L, and
205 mg/L, respectively.
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This increase in process efficiency when the initial organic content decreased could
be attributed to the fact that, at a low initial COD, there were lower amounts of organic
pollutants in the water, and therefore, a greater amount of them can be oxidized by the
available oxidative species generated during the process. Moreover, it was observed that
the reaction rate fit better into a pseudo-first-order reaction model with degradation rates
remaining almost unchanged at 0.05 min−1 and 0.07 min−1 for an initial of COD 739 mg/L
and 391 mg/L and slightly increased to 0.12 min−1 when the initial COD was 205 mg/L.

3.6. Treatment of Real Municipal Wastewater Catalyzed by AMD

Appropriate amounts of AMD were added in real municipal wastewater so that the
influent mixture contained 5 mg/L, 30 mg/L, and 50 mg/L of iron. Experiments were
carried out in triplicates, and it was found that the standard error in COD removal was less
than 5%. The results (Figure 10) showed that COD removal reached 26%, 99%, and 78%
after only 90 min of treatment in the presence of 5 mg/L, 30 mg/L, and 50 mg/L Fe sourced
from AMD, respectively. Nevertheless, achieving almost complete decontamination in the
presence of 30 mg/L Fe (i.e., 6.4 mL ADM/L MWW) after 90 min of photo-Fenton treatment
under solar irradiation constitutes this a promising process for larger-scale applications.
Furthermore, it was observed that the removal percentages are higher for co-treating AMD
with MWW than in the case of SWW, and this outcome could be explained by the different
initial COD content of the two types of matrices. To be more specific, the organic content of
SWW with an initial COD 700 mg/L needs more time to be oxidized than MWW with an
initial COD of 270 mg/L, which is consistent with results shown in Figure 9. This difference
is apparent in Figure 10, where experiments with SWW and MWW are shown for the sake
of comparison.
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Figure 10. COD removal after solar photo-Fenton treatment of municipal wastewater (MWW)
catalyzed by AMD at appropriate amounts to yield 5 mg/L, 30 mg/L, and 50 mg/L Fe in the
influent mixture. Dash lines show the experiments (also shown in Figure 7) carried out with synthetic
wastewater (SWW). Experimental conditions: 1000 mg/L H2O2; pH is 2.8.

4. Conclusions

Iron-rich acid mine drainage (AMD) was used as a source of iron to treat wastewater
from a sludge dewatering system via the solar photo-Fenton process to promote a circular
economy in wastewater management. Minerals recovered from AMD were synthesized
and tested as catalysts for the photo-Fenton treatment. Moreover, to the best of the authors’
knowledge, this is the first time that AMD (liquid phase) was used as a catalyst for the solar
photo-Fenton treatment of wastewater. It was observed that process efficiency in terms of
COD removal is higher when AMD is directly added into the wastewater rather than in the
form of AMD-recovered catalysts, namely magnetite, hematite, and goethite. The effect of
operational parameters such as the influent’s organic content, catalyst concentration, and
iron and hydrogen peroxide concentration was studied. At the best conditions essayed,
almost complete decontamination could be achieved, thus rendering the proposed method
a promising sustainable technique for wastewater management, especially in areas with
high solar energy potential.
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