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Abstract: Blast furnace dust waste (BFDW) proved efficient as a photocatalyst for the decolorization
of methylene blue (MB) dye in water. Structural analysis unequivocally identified o-Fe,O3 as the
predominant phase, constituting approximately 92%, with a porous surface showcasing unique
10-30 nm agglomerated nanoparticles. Chemical and thermal analyses indicated surface-bound water
and carbonate molecules, with the main phase’s thermal stability up to 900 °C. Electrical conductivity
analysis revealed charge transfer resistance values of 616.4 () and electrode resistance of 47.8 Q). The
Mott-Schottky analysis identified x-Fe,O3 as an n-type semiconductor with a flat band potential
of 0.181 V vs. Ag/AgCl and a donor density of 1.45 x 10®> cm~3. The 2.2 eV optical bandgap
and luminescence stem from «-Fe;O3 and weak ferromagnetism arises from structural defects and
surface effects. With a 74% photocatalytic efficiency, stable through three photodegradation cycles,
BFDW outperforms comparable waste materials in MB degradation mediated by visible light. The
elemental trapping experiment exposed hydroxyl radicals (*OH) and superoxide anions (*O, ) as the
primary species in the photodegradation process. Consequently, iron oxide-based BFDW emerges as
an environmentally friendly alternative for wastewater treatment, underscoring the pivotal role of its
unique physical properties in the photocatalytic process.

Keywords: blast furnace dust; nanoparticles; structural defects; photocatalytic activity

1. Introduction

Blast furnace dust waste (BFDW) is a byproduct produced within the blast furnace
during cast iron production [1]. The process involves utilizing diverse raw materials
such as metallic filler (iron ore, sinter, and pellets), solid fuel (coke or charcoal), and
fluxes (dolomite and limestone) [2]. Hence, the chemical composition of BEDW exhibits
considerable variability [3], directly linked to the specific raw material employed in the
blast furnace alimentation [1]. Generally, BFEDW comprises iron oxides (x-Fe,O3) with
trace amounts of other oxides [4,5]. Cast iron production typically generates an average
amount of 70-110 kg of BFDW per ton of steel [4]. A significant amount of this byproduct
is disposed of in landfills, resulting in a large occupation of landfill volume [6].
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It is clear that a suitable eco-friendly use of BWFD has not been explored in the existing
literature. Despite that, there is a promising avenue to consider this waste as a photocatalyst,
primarily due to its predominant composition of hematite («-Fe;O3), a known low optical
bandgap (2.3 eV) iron oxide [7,8]. a-Fe;O3 is a naturally abundant and cost-effective mate-
rial, as iron is one of the most abundant elements on earth [9]. This abundance contributes
to the feasibility and scalability of using a-Fe;O3z-based materials in practical applications.
a-Fe,O3 has shown some photocatalytic activity under visible light irradiation, making it
a promising candidate for environmental remediation and wastewater treatment [10,11].
Its ability to harness visible light, which constitutes a significant portion of solar radia-
tion, enhances its practicality for solar-riven applications [12,13]. x-Fe;O3 exhibits good
chemical stability [10], ensuring its performance and structural integrity in various en-
vironmental conditions. This stability is crucial for long-term applications, particularly
in photocatalytic processes where the material is exposed to reactive species and harsh
conditions [14-16]. Furthermore, x-Fe,O3 is an inherently magnetic material [14,17], which
is a remarkable attribute for its application in advanced oxidative processes [18]. Notably,
the physical properties like particle size, particle shape, and structural defects of nanostruc-
tured a-Fe,O3 contribute to its distinctive magnetic and optical characteristics, enhancing
its suitability as a photocatalyst [10,19]. Additionally, the environmentally benign nature
of x-Fe;O3 and its non-toxicity and abundance contribute to its appeal in applications
focused on sustainable and green technologies, aligning with the growing emphasis on
eco-friendly materials. Moreover, x-Fe,O3 can be easily modified or functionalized to
enhance its properties or tailor it for specific applications, e.g., gas sensor [20], photocataly-
sis [21], energy storage [22], biomedical applications [23,24], magnetic materials [25], and
electrochemical capacitors [22,26]. The introduction of additional components, such as
metals or other semiconductors, allows for tuning its electronic structure and optimizing its
performance [27]. Thus, the advantages of using materials composed of «-Fe;Oj lie in their
abundance, cost-effectiveness, photocatalytic activity, chemical stability, biocompatibility,
magnetic properties, environmental friendliness, and versatility in modification. These
attributes make o-Fe,O3-based BFD waste a versatile and promising material in various
scientific and technological fields. However, there is a gap in understanding the intricate
relationship between the physical and photocatalytic properties of x-Fe,O3-based BFDW
material, which has remained unexplored thus far.

Several studies have directed their focus toward repurposing BFDW for some vi-
able applications, e.g., civil construction [28,29], adsorption processes [3,30], briquette
production [7,31], and wastewater treatment [5,32]. Recently, Guo et al. [33] employed
BFDW in producing Fe-C composite electrodes and demonstrated an impressive 95.8%
indigo dye removal. Despite extensive efforts to explore alternatives for BFDW reuse,
particularly in wastewater treatment, there is a notable absence of reports on its direct
application as a photocatalyst for the degradation of AZO dyes. AZO dyes, complex
aromatic substances extensively utilized by the paper, cosmetics, textile, pharmaceutical,
and food industries [34,35], pose significant environmental challenges. Introducing these
compounds into water bodies hinders sunlight penetration and disrupts the photosynthetic
activity of the medium, leading to the deterioration of water quality and adverse effects on
aquatic flora and fauna [36]. In this regard, removing AZO dyes from wastewater using
non-harmful waste materials emerges as a safe and effective approach to enhance water
body quality. Among wastewater treatment methods, heterogeneous photocatalysis stands
out for its low cost and eco-friendly approaches [37,38]. This method utilizes reactive
chemical species such as hydroxyl radicals (*OH) and superoxide anions (*O, ) [39] gen-
erated on the surface of semiconductor materials to degrade pollutants, e.g., dyes [40,41],
pharmaceuticals [42,43], and pesticides [44,45].

Herein, we present a comprehensive and detailed analysis of the physical and pho-
tocatalytic properties of fresh BFDW powder. Our investigation involved employing a
range of characterization techniques, enabling the elucidation of its chemical, structural,
morphological, optical, and magnetic characteristics. Our main goal is to establish a corre-
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lation between the physical and photocatalytic characteristics of the waste. This approach
contributes to a deeper understanding of the waste’s properties and allows us to unveil
its potential as a photocatalyst for removing methylene blue (MB), a known hazardous
AZO dye.

2. Materials and Methods
2.1. Raw Materials

The blast furnace dust waste (BFDW), whose composition is displayed in Table 1,
was supplied by Siderurgica Norte Brasil S.A (Maraba, Pard, Brazil). Before its use, the
waste was filtered through a sieve to obtain particles smaller than 100 mesh. The AZO
methylene blue dye (C14H;3CIN3S-H,0) (Neon P.A., 319.85 g-mol’l, purity > 99%, Suzano,
Brazil) was used in the photocatalytic assays. Furthermore, isopropanol (IPA) (Sigma-
Aldrich, >99.5%, St. Louis, MO, USA), benzoquinone (BQ) (Sigma-Aldrich, >98%,), and
disodium ethylenediaminetetraacetate dihydrate (EDTA) (Sigma-Aldrich, >99%,) were
used as scavengers in the elemental trapping analysis.

Table 1. Chemical composition of BFDW.

Sample Structure Composition (%)
«-Fe; O3 94.30
CaO 2.74
BFDW KO 1.6
ZnO 0.73
MnO 0.63

2.2. Characterization of the BEWD Powder

The chemical functional groups present on BFDW were mapped by a Fourier trans-
form infrared spectrometer (FTIR) (PerkinElmer Spectrum Two™, PerkinElmer, Shelton,
CT, USA) using KBr pellets, operating at 4000400 cm~! and a resolution of 16 cm™1.
The chemical analysis of BFDW was further performed using a Shimadzu EDX Rayny
720 (Shimadzu, Kyoto, Japan), using an Rh anode as a target, a voltage of 50 kV, and
a Si/Li detector. The thermal behavior of BFDW was analyzed in a thermogravimeter
Shimadzu TGA-50 (Shimadzu, Kyoto, Japan), working at temperatures of 25-1000 °C and
a scan rate of 10 °C-min~!. The structure of BFDW was eValuated using a Shimadzu
LabX XRD-6000 diffractometer operating (Shimadzu, Kyoto, Japan) with a Cu X-ray tube
(Kol = 154184 A). The surface morphology of BFDW was studied using a field emission
gun scanning electron microscope (FESEM) Jeol JSM IT500-HR (JEOL Ltd., Tokyo, Japan),
operating at 5 kV. Additionally, the particle’s shape and composition of BFDW were inves-
tigated in a transmission electron microscope (TEM) Jeol JEM-1400Flash (JEOL Ltd., Tokyo,
Japan), operating at 120 kV and equipped with energy-dispersive X-ray spectroscopy (EDX).
The N, adsorption—desorption analysis at 77.4 K was performed using a Quantachrome
NOVAtouch 1200e analyzer (Anton Paar QuantaTec Inc., Boynton Beach, FL, USA). The
Brunauer-Emmett-Teller (BET) method was employed to determine the surface area, while
the Dubinin-Astakhov (DA) method was used to ascertain pore volume and size. Before the
analysis, the sample underwent a degassing process at 101 °C for 3 h under vacuum. The
optical absorption and structural defects of BFDW were examined by diffuse reflectance
ultraviolet spectroscopy (DRUV) and photoluminescence (PL), using the Ocean Optics
HR2000 (Ocean Insight, Orlando, FL, USA) and Jasco FP-8600 spectrophotometer (JASCO,
Tokyo, Japan), working from 200 to 800 nm. The magnetic properties of BFDW were
investigated by vibrating sample magnetometry (VSM) obtained in a Lakeshore 7407 mag-
netometer (Lake Shore Cryotronics, Westerville, OH, USA). The photoelectrochemical
(PEC) analysis was conducted under visible light conditions (7.74 W/ m?). Measurements
were performed employing an AUTOLAB potentiostat/galvanostat (PGSTAT 100) and
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the results were eValuated using the NOVA® 2.1.6 software. The Mott-Schottky analysis
was conducted at 1 kHz, within the potential range of 1.5 to —1.5 V, using a 1 mol-.L~!
NaOH solution. For impedance analysis, a frequency range of 10 kHz to 0.01 Hz was
utilized, with an amplitude of 0.01 mV. The electrochemical system consisted of three
electrodes: a vitreous carbon working electrode modified with BFEDW powder, Pt wire
counter electrode, and an Ag/AgCl (Sat., KCI) reference electrode. Finally, the point of zero
charge for BFDW was established using the eleven—point method. This approach was done
by introducing 20 mg of adsorbent into a 20 mL aqueous solution and adjusting the pH
from 2.0 to 12.0 with 0.10 mol-L~! HCl or NaOH, to identify the surface neutral charge.
After 24 h of agitation in a CIENLAB Shaker Incubator (CIENLAB, Campinas, Brazil) at
200 rpm, chemical equilibrium was reached. The final pH was measured with a pH meter
(model PHOX P1000, PHOX Suprimentos Cientificos, Colombo, Brazil), establishing the
point of zero charge.

2.3. Photocatalytic Assay

The degradation of MB dye molecules in a water-based solution in the presence of
BFDW was studied by a photocatalytic assay. For this purpose, 10 mg of photocatalyst waste
was added into 50 mL of the MB solution (10 mg-L~!) and kept under vigorous agitation
for 5 min. The suspension was subjected to visible light (7.74 W-m~2) for 180 min using
a 600-W halogen lamp. The absorbance of the irradiated solution (3 mL) was measured
at Amax = 664 nm using a VARIAN, Cary 100 spectrophotometer (Spectralab Scientific,
Markham, ON, Canada). Equations (1) and (2) computed the overall decolorization and
degradation kinetics of the MB dye [46], where at t = 0 min (before irradiation), the
absorption and equilibrium concentration at Amax = 664 nm are represented by vy and Co,
respectively. After irradiation at t = 180 min, the absorption and equilibrium concentration
at Amax = 664 nm are represented by y and C, respectively, to obtain the pseudo-first-
order rate constant (k). An identical experiment was performed in the dark as a control
experiment (blank). Moreover, an elemental trapping experiment (ETE) and a total organic
carbon (TOC) test were performed to investigate the chemical species responsible for the
degradation of MB molecules and their mineralization efficiency, respectively. The ETE
involved using 3 mL of IPA, 0.1 mmol of BQ, and 0.1 mmol of EDTA as scavengers. The
TOC test was performed using a thermoreactor Analytik Jena (Jena, Germany), Model NC
3100 to measure the TOC before (To) and after (T) the photocatalytic process as a function
of irradiation time. The mineralization efficiency of MB organic molecules was calculated
using Equation (3) [46].

%Decolorization = <C0 _C) x 100% = (YO_Y> % 100% (1)
Co Yo
Y

kt = —ln<> 2
Yo @

. N . T
Mineralization efficiency (%) = <1 - T> x 100% 3

0

3. Results and Discussion
3.1. Characterization of BEDW Powder

The compositional analysis of BFEDW powder (Table 1) unequivocally demonstrates
that the predominant component of BEDW powder is hematite (x-Fe;O3), comprising
approximately 94% of the total composition. This finding aligns seamlessly with our EDX
analysis, as illustrated in Figure 1a. It is worth noting that minor quantities of calcium oxide
(CaO) (~3%), potassium oxide (K,O) (~2%), zinc oxide (ZnO) (0.741%), and manganese
oxide (MnO) (0.665%) were also detected. Elemental analysis robustly confirmed the
presence of these elements in the composition of BFDW powder, in addition to other minor
impurities, e.g., Al, Si, P, Cl, and Ti. Such unique elemental characteristics of BFEDW can
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be ascribed to the composition of the precursor raw materials [47,48], e.g., dolomite [2],
quartz [49], sinter constituents [50], and pellets [51].
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Figure 1. (a) EDX spectrum and (b) XRD pattern of pure blast furnace dust waste (BFDW).

The structural analysis of BFEDW, depicted in Figure 1b, discloses that the waste is
primarily composed of a-Fe,O3 (89.9%), CaO (7.7%), ZnO (1.5%), and Zn(OH); (0.9%).
This finding aligns well with the chemical analysis, except for the absence of other phases.
These dominant phases were successfully identified using the ICSD cards PDF#00-017-
0912 (Ca0), PDF#01-089-0596 (x-Fe,O3), PDF#01-075-1526 (ZnO), and PDF# 00-041-1359
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(Zn(OH),). The CaO phase crystallizes in the cubic structure associated with the Fm3m
space group [52,53], with crystallographic planes (101), (114), (111), (200), (310), and (202) eV-
ident. Further, the small ZnO and Zn(OH); phases present a hexagonal and tetragonal
packaging corresponding to the P6smc and 141 /amd space groups. The ZnO reflection is
assigned to the (101) crystallographic plane observed at 26 = 36.5°. On the other hand, the
Zn(OH); phase displayed the crystallographic planes (206), (325), and (2410). Finally, the
primary phase («-Fe;O3) crystallizes in a rhombohedral-trigonal crystallographic structure
belonging to the R-3c space group, displaying the crystallographic planes (104), (110),
(113), (024), (116), (018), (214), (300), (119), (220), and (036). Furthermore, the prominent
broad halo spanning the range of 26 = 15-30° further indicates that the residue is predomi-
nantly influenced by the presence of organic compounds arising from coal combustion and
raw materials.

The chemical structure of the BFDW powder was also investigated by an FTIR analysis,
as illustrated in Figure 2a. The surface-bound water molecules are behind the bands at 3397
and 1625 cm ™!, which are ascribed to the stretching vibration [54,55] and symmetric angular
deformation [56,57] of hydroxyl groups (O—H), respectively. The band at 2975 cm~! is
assigned to the C-H stretching vibration associated with alkyl groups [55,58]. The weak
and narrow bands at 1420 and 877 cm ™! are attributed to the asymmetric stretching and
out-of-plane vibrations of carbonate CO%‘ [59]. The bands at 1383 and 1305 cm ! confirm
the substantial presence of CO%‘ molecules [46] adsorbed on the BFDW surface. The
distinctive intensity bands at 1160, 1124, and 1031 cm ! can be associated with the aromatic
stretching vibrations of C-O [60]. The strong and narrow band at 825 cm 1 is linked to the
stretching vibration of K-O-K [61], indicating the presence of the K,O phase. Further, the
well-defined bands at 538 and 468 cm ! arise due to Fe-O stretching vibrations, directly
related to the presence of the hematite phase («-Fe;O3) [17,62,63]. Finally, the weak band
around 427 cm~! is attributed to the stretching vibrations of Zn-O, indicating the presence
of ZnO structures in the BFDW powder. These results are well aligned with our chemical
analysis, confirming two known photocatalysts o-Fe,O3 and ZnO. However, it is worth
noting that there is a notable presence of surface contamination, mainly from carbonate
molecules, corroborating the observations made in the XRD analysis (Figure 1b). According
to the existing literature, such behavior arises from the combustion of eucalyptus-based
coal and the raw materials used in the furnace reaction during cast iron production.

The existence of organically adsorbed material on the surface of BFEDW particles sig-
nificantly imparts a distinct and unique quality to this waste. This outcome is expected,
given that the composition of blast furnace dust waste is highly reliant on the specific
raw materials employed in the cast iron manufacturing process, being one of the most
complex metallurgical wastes [64]. We confirm such an aspect by examining the thermal
stability of BFDW through TGA /DTG analysis, with the results presented in Figure 2b.
The thermal decomposition analysis of BEWD reveals that between 25 and 400 °C, there
is a small mass loss of 3%, with significant thermal eVents observed at 70 and 300 °C.
The initial thermal eVent is likely associated with free moisture loss [65], while the subse-
quent eVent can be attributed to the release of chemically adsorbed water [66]. The most
substantial weight loss of 11%, occurred between 400 and 800 °C, resulting in a broad DTG
thermal eVent centered at 700 °C. Such behavior can be ascribed to the robust liberation of
CO;, during the decomposition of CO%f molecules [67,68] present on the BFEDW surface.
The final stage of decomposition, extending up to 1000 °C, discloses an additional 6%
mass reduction, leading to a thermal eVent at 950 °C, as can be seen in the DTG analysis.
This eVent can be attributed to the conversion of a-Fe,O3 into wiistite (FeO) [69], a phase
that has been previously documented for a BFDW waste [2]. Hence, it is eVident that the
predominant organic component in BFDW powder consists of carbonates, which can be
effectively removed at temperatures above 400 °C. Additionally, there were no observable
phase transformations up to 900 °C, indicating the thermal stability of the primary phase
(0-FepO3) at lower temperatures.
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Figure 2. (a) FTIR spectrum and (b) TGA /DTG curves of pure blast furnace dust waste (BFDW).

The results of Ny adsorption—-desorption analyses, detailing the surface area, volume,
and average pore diameter of BFDW, are presented in Table 2. Surface area determination
employed the BET method, while the eValuation of pore volume and average diameter
utilized the DA method. In terms of pore classification, adsorbents or photocatalysts
typically exhibit micropores (average pore diameter < 20 A), mesopores (average pore
diameter between 20 and 500 A), and macropores (average pore diameter > 500 A) [70].
Table 2 indicates that the average pore diameter of blast furnace dust is 15.20 A, classifying
it as a microporous material. The N, adsorption and desorption isotherm behavior in
Figure S1 aligns with the type IV standard, which IUPAC classifies as adsorption on
mesoporous solid materials. However, this contradicts the information obtained by the DA
method. This discrepancy arises because the presence of microporous pores can influence
the isotherm’s shape, eVen if they constitute a small proportion of the total pore volume. In
such cases, the isotherm may exhibit a shape more similar to type IV, featuring a distinct
region of linear adsorption followed by curvature at high pressure [71,72]. Hence, our
assessment indicates that the average pore diameter encompasses the combined volume of
micropores and mesopores present in the BEDW powder. In the study by Bhuyan et al. [73],
a microporous filter was developed using blast furnace waste to remove MB dye, where
the surface area played a crucial role in removal efficiency. This suggests that blast furnace
dust waste can serve as a viable adsorbent or photocatalyst for the cost—effective removal of
organic dye molecules in wastewater treatment processes, primarily due to its substantial
surface area (284 m?- g_l).
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Table 2. Surface area, volume, and pore diameter data for blast furnace dust waste.

Parameter Unit Values
Surface area m? gfl 284
Pore volume cm’ g_l 0.18
Average pore diameter A 15.27

Our morphological analysis in Figure 3 provides a broad overview of the BFDW pow-
der surface at different scales. SEM images (Figure 3a—c) reveal that the BFDW exhibits a
porous surface morphology comprised of structures with diverse shapes and arrangements
consistent with the surface porosity analysis. This observation is corroborated by the
FESEM analysis (Figure 3d—f), highlighting the microstructure of the BFEDW powder that
primarily consists of highly porous structures agglomerated and adorned with smaller parti-
cles (Figure 3f), forming substantial clusters. In particular, these clusters display distinctive
shapes and sizes, likely attributed to the diversity of phases identified in the chemical
and structural analysis. TEM analysis (Figure 3g—i) further underscores that the BFEDW
smallest particles range from 10-30 nm, indicating that the aggregation of nanoparticles
essentially forms the powder. Moreover, these nanoparticles exhibit diverse shapes, e.g.,
nanospheres, nanorods, nanoneedles, and other particles with robustly irregular shapes,
suggesting that there is a different anisotropic growth of the particles in the blast furnace
atmosphere due to the combustion of raw materials. Our FTIR analysis detected a notable
presence of organic matter within the powder structure (Figure 2a). These compounds or
functional chemical groups function as capping agents, facilitating the agglomeration of
smaller particles, which leads to the formation of larger structures, as prominently observed
in our morphological analysis. In fact, capping agents play a pivotal role in promoting
particle agglomeration, resulting in the formation of nanoparticles with distinctive size,
shape, and optical properties, in accordance with the existing literature [74-77].

The distinctive structural and morphological characteristics of BFEDW undoubtedly
underlie its optical properties, as depicted in Figure 4. In this regard, a broad UV-Vis absorp-
tion band was observed from the BEDW solution (Figure 4a), and its appearance is similar
to that reported for other distinctive-shaped «-Fe,O3 nanoparticles [78,79]. Nevertheless,
this broad spectrum underwent deconvolution using a Gaussian function (Figure S2),
exposing the presence of three sub-bands centered at 297, 370, and 527 nm. The first
band is associated with the metal-to-ligand charge transfer properties of o-Fe,O3 [80].
The subsequent bands can be ascribed to 6A; »°®Eand®A; — 2(4 T1) transitions in the
x-FepO3 crystal [80]. However, these bands can also be attributed to the monodisperse
nature and the transition of O2p — Zn3d within ZnO crystals [57,81], respectively. The
optical bandgap of BFWD (Figure 4b) was determined to be 2.2 eV, which closely aligns
with the value reported for x-Fe;O3 bulk [82,83], confirming that the optical properties of
BFDW are primarily due to this phase. Indeed, as eVident from our chemical and structural
analysis, the waste powder is predominantly composed of x-Fe,O3 particles, indicating
that the optical properties of BFWD are mainly assigned to this phase.

The existing literature establishes that hematite bulk does not exhibit photoluminescent
properties [84-86], suggesting that any optical property associated with «-Fe;O3 particles
present in BFEDW must be likely linked to effects stemming from their nanostructured nature.
These effects may include quantum phenomena, forbidden d-d transitions, magnetic
relaxations, and cation-cation resonant energy transfers [87,88], which can influence the
material’s properties. In fact, the deconvoluted PL spectrum (Figure 4c), acquired under
excitation at 260 nm, unveils the presence of several structural defects within the «-Fe,O3
lattice, as summarized in Table 3. The emissions at 285 nm (4.35 eV), 302 nm (4.10 eV),
and 345 nm (3.59 eV) are ascribed to the mid-band-edge (MBE) UV absorption and are
associated with the transitions from a fundamental ground state (t;4) to a higher-energy
excited state (eg) between the d orbitals. The luminescence peak at 345 nm (3.59 eV) can
also be attributed to MBE or the compensation of oxygen vacancies (Vo) [89]. The emission
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observed at 374 nm (3.32 eV) is a result of exciton emissions. This luminescence effect
stems from electronic transitions, with the smallest exciton state originating from excitation
between the VB (derived from a combination of Fesq and Oy, states) and CB (primarily
derived from Feyg) [90]. The peak at 389 nm (3.19 eV) is assigned to the near-band-edge
(NBE) UV emission or due to the recombination of holes (h*) generated by photons with a
specific defect charge state. The emissions at 405 nm (3.06 eV) and 420 nm (2.95 eV) are
associated with deep-level emissions, which originate from oxygen interstitial (O;) and
oxygen vacancies (Vo) for both ZnO and «-Fe,O3 crystals [91-93]. The blue emission at
468 nm (2.65 eV) is assigned to Vo defects in ZnO crystals [94] or due to the 6A1g — 4T1g
and d-d transitions of Fe®* ions, which result from the crystal field splitting of a FeOg
octahedron with Oy, symmetry as a first approximation in the x-Fe,O3 crystal [84]. Hence,
the lattice of x-Fe,O3 and ZnO crystals found in the BEDW powder are primarily composed
of O; and Vg defects, which can explain any photocatalytic property of BFDW.

Figure 3. (a—c) SEM, (d—f) FESEM, and (g-i) TEM images of pure blast furnace dust waste (BFDW)
obtained under different magnifications.
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Figure 4. (a) Optical absorption spectrum, (b) Tauc plot (direct gap), (c) Deconvoluted photolumi-
nescence spectrum, and (d) Magnetic hysteresis curve of BFD waste. The magnified insertion in
Figure 3d displays the critical region for remanent magnetization and coercivity estimation.

Table 3. Defects assignments of BFD waste eValuated via photoluminescence.

Sample Peak Position (nm) Energy Level (eV) Defect References
285 4.35 MBE [95,96]
302 411 MBE [97]
345 3.59 MBE, Vo [89]

BEWD 374 3.32 VB — CB [90,98]
389 3.19 NBE, ht [17,99]
405 3.06 Vo [17,100]
420 2.95 0O;, Vo [91-93]

468 2.65 Vo [84,94]
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Additionally, defects in hematite particles and their nanostructured behavior confer
magnetic properties to the BFEDW powder, as eVidenced in Figure 4d. Noticeably, our room
temperature (298 K) VSM measurement revealed that BFDW displays a weak ferromag-
netic behavior, which can be attributed to structural defects in x-Fe,O3. The saturation
magnetization (Ms), remanent magnetization (Mg), and coercivity (Hc) were found to
be 9.41 emu/g, 1.15 emu/g, and 0.02 kOe, respectively, indicating soft magnetic proper-
ties [101]. It is known that a-Fe,O3 possesses a crystalline lattice with Fe®* ions arranged
in layers, where oxygen atoms are situated between these layers. Hence, the presence of
O; defects can influence the magnetic interactions among Fe3* ions, giving rise to unique
magnetic properties. Similarly, Vo defects can introduce local distortions in the magnetic
structure, impacting the magnetic interactions between Fe** ions by introducing small
polarons strongly bound to the positively charged defect centers [102,103]. The structural
defects can also influence the Morin transition and other aspects of the magnetic transi-
tion [104], resulting in the intriguing magnetic properties of x-Fe;O3. Furthermore, our
morphological analysis revealed the presence of nanoparticles with sizes ranging from 10
to 30 nm. These smaller particles can also have an impact on the magnetic properties of
BFDW, as smaller particles exhibit a higher surface-to-volume ratio [105]. This can give
rise to distinctive surface magnetic behavior, where surface magnetic effects dominate the
overall magnetic properties. The presence of magnetic properties in BFDW is interesting as
it renders the waste recoverable and suitable for reuse in photocatalytic applications, which
was extensively explored in our comprehensive photocatalytic tests.

We also investigated the electrical conductivity performance of BEDW. Photocurrent
densities were measured under visible light conditions (7.74 W-m~2). We employed EIS
analysis to scrutinize the charge transfer kinetics at the electrode—electrolyte interface,
and the outcomes are illustrated in Figure 5. Figure 5a depicts the Nyquist plot of the
BFDW sample, which displays electrode resistance (Rp) and charge transfer resistance
(Ret) values of 47.8 and 616.4 (), respectively. It is known that most semiconductor oxides
typically exhibit low electrical conductivity [106]. Hence, the x-Fe;O3-based BFD waste
is expected not to demonstrate high charge carrier mobility at the electrode-electrolyte
interface, as eVidenced by the elevated Rt value. The reported value is notably higher
than the maximum reported by Sarma et al. [107] for a dark condition in a doped «-Fe;O3
system (358.2 (2). However, it remains considerably lower than the values documented by
Niu et al. [108] (1735-90,000 2) obtained for varied potentials (0.9-1.4 V) under visible light
conditions. The Bode impedance and phase curves of BFD waste are shown in Figure 5b. In
the lower frequency region, there is a slight decrease in impedance as the applied frequency
increases. Conversely, in the higher frequency range, a significant reduction in impedance
becomes eVident. Further, the correlation between |Z| and frequency follows a nearly
constant trend within the mid-frequency range, indicating quasi-independent behavior.
This suggests that ionic diffusion from the aqueous electrolyte to BFD waste remains
consistent across varying frequencies. In this regard, the resistance to diffusion of OH ions
in the liquid electrolyte can be ascribed to an elongated pathway between the Pt electrode
and the interface of BFDW. Thus, the impedance-phase plots illustrate the BFD waste’s
charge transport and recombination processes. Moreover, the phase angles ranging from
0-50° indicate a robust capacitive behavior [109], which can be a remarkable characteristic
of the photocatalytic performance of BFDW. Notably, the high capacitive behavior can
exert considerable influence, facilitating efficient charge transfer, boosting reactivity, and
providing the potential for rapid redox reactions.
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Figure 5. (a) Nyquist, (b) Bode mode and phase, and (c) Mott-Schottky analyses of BFD waste
obtained under visible light conditions.

We conducted additional investigations into the band structures of BFDW using Mott—
Schottky (M-S) analysis. Mott-Schottky analysis offers a straightforward and accurate
way to extract information about the semiconductor properties and charge carriers at the
interface of a semiconductor—electrolyte. Our M-S analysis performed at 1 kHz is shown in
Figure 5c and was used to investigate the flat band potential (Eg, in V) and donor density
(Ng) of the BEFDW photocatalyst. The Eg, and Ny were estimated using the Mott—Schottky
theory, according to the Equations (4) and (5) [110].

1 2 kT
=~ (E_Ey -2 4
Cec q€£00'2Nd( fb q ) @

2
Ng = ———
gqeeop

(5)

where Cs. denotes the space—charge capacitance, q represents the elementary charge, € is
the dielectric constant of the semiconductor, ¢y is the permittivity of free space, o is the
electrode area, V is the applied potential, kg is the Boltzmann constant, T is the temperature
in degrees Kelvin, and p is the slope of the Mott-Schottky plot at CLZ = 0. The energy

difference (6E) between the conduction band (Ecg) and the Fermi level (Err) was further
calculated using Equation (6).

0E = ECB _EFL = kBTln(lled> (6)
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3
where N, = 2 (2”}*1‘7201%) ? . In this equation, yy and h are the electron effective mass and
Plank constant, respectively. Finally, the energy values of the Fermi level (Efp), valence
band (Eyp), and conduction band (Ecg) in eV were determined by converting the Fermi
level potential Eg (V vs. SHE) in the vacuum scale using Equations (7)—(9) [111].

Er(eV) = —Egp(V vs.SHE) — 4.44(V) 7)
ECB (eV) = EFL(QV) + O.S(GV) (8)
EVB(QV) = ECB(QV) - Eg (eV) (9)

The linear extrapolation showed that the slope of the Mott-Schottky curve is positive,
indicating that BFDW is dominated by an «-Fe,O3 n—type semiconductor. At CLZ =0,

the Eg, value was found to be 0.181 (V vs. Ag/AgCl), corresponding to 0.378 (V vs.
SHE). The Ny and the difference 8E values were computed as 1.45 x 10" em™3 and
0.225 eV, respectively. The corresponding values of Ecg and Eyp in V are 0.612 and —1.588,
respectively. By employing Equations (7)—(9), the values of the band structures of BEDW
in eV were estimated tobe Egp, = —4.818eVand Ecg = —4.593eV,and Eyg = —6.793eV.
The n-type conductive properties of x-Fe,O3 structures were also previously reported by
Li et al. [112]. The flat-band potentials and donor densities of their x-Fe,O3 samples under
dark and light conditions were influenced by morphological differences. In contrast, Wodka
et al. [113] observed characteristic steps in the M-S curve for an «-Fe;O3/TiO; composite,
associating them with surface states and demonstrating a significant effect on the flat-band
potential due to the presence of x-Fe,O3;. However, the BEDW, primarily composed of
a-FepO3, exhibits a positive M-S slope without such steps, indicating a different behavior.
Thus, the M-S analysis of BFEDW sheds light on its semiconductor properties, showcasing
distinct features compared to other studies. The n-type behavior and specific band structure
values contribute to understanding BFDW'’s potential for applications in photocatalysis,
with its recoverable and reusable attributes highlighted.

Before assessing the photocatalytic activity of BFDW, the zero-point charge (ZPC) was
examined to confirm the potential for dye adsorption on the photocatalyst’s surface. It is
known that photocatalysts or adsorbent materials acquire a surface charge by dissociating
their surface functional groups [114]. In this regard, the prevalence of positive or negative
charges depends on the pH of the solution. The point at which the net charge on the
adsorbent surface equals zero, indicating an equilibrium between the number of opposite
charges, is referred to as ZPC. Below the ZPC, the surface charge is positively charged,
favoring the adsorption of anions; otherwise, it is negatively charged, facilitating the
adsorption of cations [115]. The ZPC of BFDW was determined to be 7.26, as shown
in Figure S3. Thus, for the present experimental conditions, the adsorption of MB dye
is likely favorable, which was confirmed by our photocatalytic experiments extensively
described below.

3.2. Photocatalytic Activity of BFEDW

The spotlight on harnessing defective nanostructured systems for mediating pho-
tocatalytic processes has risen sharply, fueled by their versatility and positive impact in
diverse scenarios [116]. Whether it is purifying water, enhancing air quality, or skillfully
eliminating pollutants, the efficiency and sustainability of this technology have garnered
widespread acclaim [117]. The pursuit of eco-friendly and innovative solutions propels the
ongoing exploration of nanoparticle photocatalysis, cementing its role as a crucial tool in the
modern scientific and technological landscape. Herein, we conducted our photocatalytic
assay utilizing nanostructured BFDW as a photocatalyst. Firstly, leveraging the magnetic
properties of x-Fe,O3 particles within BEFDW, we could recover and reuse the waste for
up to 4 cycles in the photocatalytic process. The assessment involved monitoring UV-Vis
absorption curves of MB dye molecules at 664 nm over various time intervals, as displayed
in Figure 6. Prior to this procedure, a solution containing BFDW was kept in the dark, and
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the characteristics of the MB band at 664 nm were analyzed for 180 min (Figure S4). In this
experiment, a slight reduction in the MB band at 664 nm can be observed after 180 min,
likely attributed to the adsorption of organic dye molecules on the BFDW surface. On the
other hand, as eVident in Figure 6a—c, the maximum absorption of MB dye consistently and
similarly decreased from 0 to 180 min in the 1st, 2nd, and 3rd cycles, indicating persistent
and similar destruction of the organic dye molecules of MB. However, in the 4th cycle
(Figure 6d), this decrease is not significant, suggesting that BFDW is better recoverable and
reusable for up to three cycles in the photocatalytic process.
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Figure 6. UV-Vis spectra of MB dye degradation in aqueous solutions containing ferromagnetic BFD
waste and irradiated with visible light for 180 min, obtained after (a) 1st, (b) 2nd, (c) 3rd, and (d) 4th
cycles of reuse.

Figure 7 illustrates a more in-depth examination of the photocatalytic performance of
BFD waste in an aqueous solution against MB dye molecules. Our analysis was based on
the UV-Vis spectra obtained in triplicate for each cycle. By keeping the MB dye solution
with 10 mg of BFDW in darkness for 30 min, the MB adsorption rates were computed
as 8 £ 1.5% (1Ist cycle), 10 £ 1% (2nd cycle), 9.5 £ 1.6% (3rd cycle), and 11 £ 2.1% (4th
cycle). The elevated adsorption rate of MB molecules on the BFEDW surface (>10%) can
be notably attributed to the remarkably porous microstructure of the powder, as depicted
in Figure 3. The irradiation of the MB dye solution with visible light revealed variations
in the photocatalysis of MB molecules under different degradation cycles, as shown in
Figure 7. Notably, the average C/Cy factor (Figure 7a) consistently decreased across all
cycles compared to the dark experiment (Blank). Despite this trend, a comparative exami-
nation revealed that the behavior of C/C\ was nearly identical from the 1st to the 3rd cycle,
whereas the 4th cycle exhibited a distinct and less pronounced reduction of C/Cy. Similarly,
the decolorization rate of the MB dye remained quite consistent for the 1st, 2nd, and 3rd
cycles, with a decrease observed in the 4th cycle (Figure 7b). Figure 7c also illustrates that
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Overall Decolorization rate (%)

there was no statistically significant difference in the overall decolorization rates from the
1st to the 3rd cycle, calculated as 74% (1st cycle), 68% (2nd cycle), and 68% (3rd cycle). These
rates substantially exceeded the decolorization rate found in the dark experiment (12%),
providing suitable eVidence that the destruction of MB hazardous molecules is activated
by the physical properties of the particles present in the BEDW powder, mainly o-Fe;O3
nanoparticles. In contrast, we computed that the rates of MB adsorption on the waste
surface did not surpass ~13%, indicating that the decolorization rate computed in the dark
experiment primarily reflects the adsorption of dye molecules on the MB particles’ surface
rather than their destruction. Hence, in addition to showcasing the highest decolorization
rate of MB molecules after 180 min of visible light exposure, the 1st cycle also demonstrated
the highest rate of the photocatalytic reaction (Figure 7d) (9.95 x 1072 min~1!), followed
closely by the 2nd (8.29 x 1072 min~!) and 3rd (7.79 x 103 min~!) cycles. This observa-
tion means that the photocatalytic process unfolds comparably from the 1st to the 3rd cycle.
As a result, the analysis of the photocatalytic process aligns with the visually observed
behavior in the UV-Vis curves, substantiating that the BFEDW powder can be recycled and
reused for up to 3 cycles without a significant loss of photocatalytic performance.
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Figure 7. (a) The C/C factor, (b) Decolorization rate, (c) Overall decolorization rate, and (d) First-
order kinetics of MB dye degradation based on cyclic degradation experiment.

We also scrutinized the morpho-structural characteristics of BFEDW after the photo-
catalytic experiment, as illustrated in Figure 8. Figure 8a presents a comparison between
the XRD pattern obtained before and after the experiment, indicating that no significant
structural changes occurred post-photocatalytic experiment. However, Figure 8b showcases
a comparison between the FTIR curves before and after the photocatalytic experiment.
Notably, an increase in the intensity of the CH=N bands at 1594 cm !, N-H at 1420 cm !,
and N-N at 1240 cm~! was observed after the photocatalytic process, suggesting a greater
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presence of nitrogen functional groups in BFDW, attributable to the adsorption of MB
on its surface [118]. At 1382 cm™~!, symmetric C—O-C stretching vibrations are noted; at
1131 cm ™!, the C-O band is observed. The band at 1430 cm~! corresponds to the asymmet-
ric stretching and out-of-plane vibration of CO%‘ molecules [55]. Additionally, bands at
540 cm ! and 471 cm ! are assigned to the stretching vibration Fe-O, indicative of «-Fe,O3
ceramics [55]. Furthermore, the band at 428 cm ! is associated with the Zn-O bending
vibration, reflecting the presence of small amounts of ZnO compound. The differences in
the chemical structure observed in this analysis are attributed solely to the presence of MB
dye functional groups adsorbed on the photocatalyst’s surface. Moreover, Figure 8c,d, ob-
tained after the photocatalyst procedure, reveals that the microstructure of BFDW remains
unchanged. The observed morphology is well aligned with the morphological analysis of
the pristine BEDW powder, as demonstrated in Figure 3a—c. Thus, our results prove that the
morpho-structural characteristics of BFDW remain unchanged after the photocatalytic tests.
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Figure 8. (a) Comparison of the XRD patterns obtained before and after the photocatalytic experiment,
(b) Comparison between the FTIR curves before and after the photocatalytic experiment, and (c,d) SEM
images of BFDW after the photocatalytic experiment, obtained under different magnifications.
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The physical characteristics of semiconductor materials, including particle size, shape,
surface area, and structural defects, are widely acknowledged as pivotal factors influencing
their photocatalytic properties [119,120]. Our analysis revealed that «-Fe,O3 and ZnO
constitute the main defective phases, comprising approximately 90-92% of the BFDW
composition. This indicates that the photocatalytic activity of the residue can be predomi-
nantly attributed to these phases. Additionally, our observations identified particles with
diverse shapes and sizes, and in particular, a significant portion falling within the 10-30 nm
range, contributing to a high surface-to-volume ratio of BFDW powder. Despite previous
reports suggesting that o-Fe; O3 may not be an efficient photocatalyst due to its low optical
absorption [10,87], our study demonstrated that BFDW exhibited good optical absorption.
This observation is partly attributed to the presence of ZnO, a semiconductor known for
its ability to absorb visible light. Such observation allowed us to identify some structural
defects, primarily O; and Vo, native anionic defects commonly found in nanostructured «-
Fe;O3 and ZnO [93,121]. The existing literature underscores the crucial role of these defects
in generating reactive chemical species capable of degrading synthetic dye molecules [122].
On this point, these defects contribute to delaying the recombination of charge carriers,
thereby enhancing the production of reactive species such as (*OH) and (*O, ), responsible
for dye degradation [123-125]. These findings show that the photocatalytic activity of
BFDW is mainly attributed to the physical properties of ZnO and «-Fe;O3, which was
further demonstrated to exhibit magnetic behavior, facilitating its recovery and consistent
reuse for up to 3 degradation cycles.

We conducted a detailed investigation into the role and efficiency of chemical species
generated during a photocatalytic experiment, employing an elemental trapping analysis, as
illustrated in Figure 9. Following 120 min of visible light irradiation, the control experiment
(Blank) exhibited the most effective degradation (Figure 9a). However, the introduction
of IPA scavenger into the MB-BFDW solution significantly impacted the photocatalytic
process, remarkably reducing the dye degradation potential (Figure 9b), followed by
BQ (Figure 9¢c), and EDTA (Figure 9d). The assessment of UV-Vis absorption curves
obtained from the elemental trapping analysis is depicted in Figure 9. As observed, both
C/Cy factors (Figure 10a) and photocatalytic reaction rates (Figure 10b) were lower for
solutions containing scavengers. For instance, the photocatalytic reaction rate for the
control experiment was determined to be 1.2 x 102 min~!, whereas the lowest rate
was observed for the experiment with IPA scavenger (1.8 x 1072 min~!). Additionally,
Figure 10c reveals that the incorporation of the scavengers led to a significant reduction in
the overall degradation rates, explicitly, 47% (IPA), 38% (BQ), and 20% (EDTA), respectively.
This indicates that the hierarchy of significance among the scavengers for the photocatalytic
process is given as follows: IPA > BQ > EDTA. It is known that IPA, BQ, and EDTA function
as scavengers for free *OH ions, *O, anions, and holes (h"), respectively. Consequently,
*OH and *O, arise as the main chemical species involved in the degradation process of
MB molecules in aqueous solutions containing BFD waste under visible light irradiation.
Furthermore, the 1st photodegradation cycle achieved an 82% total organic carbon (TOC)
removal (Figure 10d), confirming the degradation and mineralization of the hazardous
organic molecules of MB dye through the action of *OH and *O, chemical species.
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Figure 9. UV-Vis spectra of MB dye degradation in aqueous solutions containing ferromagnetic BFD
waste and irradiated with visible light for 120 min, obtained under the action of (a) No scavenger,
(b) IPA, (c) BQ, and (d) EDTA as scavengers.

3.3. Probable Mechanism of the Photocatalytic Activity of BEDW

The probable mechanism of MB dye photodegradation mediated by the use of BFEDW
powder as a photocatalysts under visible light is schematized in Figure 11. Initially, the
aqueous suspension containing the MB and BFDW particles undergoes an initial process
of equilibration, including adsorption of oxygen, water, and MB molecules on the BEDW
surface. Under visible light, BFDW absorbs energy to surpass its Eg = 2.2 eV, triggering
redox reactions that lead to the mineralization of MB dye molecules. For this purpose,
the electrons move from the VB to the CB, resulting in the creation of the charge carriers
(e” /h"), as demonstrated in Equation (10) [126,127]. Quickly, the charge carriers arrive
at the surface of BFEDW, where they react with O, and H,O molecules to give rise to the
reactive chemical species *O, and *OH (Equations (11) and (12)), respectively.

BFDW + Visible Light — BFDW (ec) + BFEDW (h{}) (10)
BFDW (ecj;) + O, — BFDW (05 ) (11)
BFDW (h{g) + H,O — H* + *OH (12)
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Figure 10. (a) The C/Cj factor, (b) First-order kinetics plots, and (c) Overall decolorization rate
based on the elemental trapping experiment. (d) TOC removal efficiency of MB dye degradation was
determined using the aliquots collected in the 1st degradation cycle.

Figure 11. Probable mechanism of MB dye degradation mediated by the use of BFEDW powder as
a photocatalyst.
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Additionally, specific structural properties of BFDW can influence the photocatalytic
process. As observed, O; and Vg were the main structural defects found in the BFEDW
structure. These defects can trap holes in the optical bandgap of BFDW, which sub-
sequently interact with *O, and H,O to generate new chemical species like *OH and
H,O, (Equations (13) and (14)). Further, H>O; can also be photocatalyzed by visible light,
generating more *OH species (Equation (15)), introducing an additional mechanism for
generating *O, and *OH highly reactive chemical species that are responsible for the
decolorization of MB dye molecules. Finally, these chemical species react with MB dye
structure, generating simpler molecules such as H,O and CO, [128-130] (Equations (16)
and (17)), resulting in decolorization of the blue solution. Moreover, our elemental trapping
analysis confirms that *O, and *OH are the primary chemical species accountable for
the degradation of MB molecules. Nevertheless, the existing literature establishes that
holes alone can oxidize MB molecules, concurrently producing CO, and H,O molecules
(Equation (18)) [131-134].

NG/ 700/ o Fey0, +2H20 +°0; — 2°OH + H,0, (13)
h¢O/ZnO/a7FeZO3 +2H0 +°0, — 2°0H + H,0, (14)
H,0; + visible light — 2°OH (15)

*0; +MB — CO,+H,0 (16)

*OH + MB — CO,+H,0 (17)

h* 4+ MB — CO,+H,0 (18)

3.4. Comparing BEFDW's Photocatalytic Activity to Other Residues

The existing literature includes some research that investigated the efficiency of dif-
ferent wastes in removing dyes, including methylene blue, rhodamine, remazol black,
methyl orange, and bromophenol blue, as shown in Table 4. Our comparative analysis
was performed considering different experimental conditions e.g., pollutant type (PT), pho-
tocatalyst mass (PM), pollutant concentration (PC), reaction time (RT), irradiation source
(IS), and photocatalytic performance (PP). As illustrated, there are significant variations in
dye removal performance. Herein, BFD reached an efficiency of 74%, surpassing previous
studies that reported lower values, e.g., 46% [135], 70% [136], 71% [41], and 72% [40,137].
Despite the utilization of shorter irradiation times in these previous studies, it is noteworthy
that a UV irradiation source, which is considerably more energetic, was employed. This
higher-energy UV source has the inherent capability to degrade organic dye molecules
naturally. Furthermore, 10 mg was used in our experiment, which is notably lower than
most values used in these studies (10-200 mg). Nevertheless, some other waste-based
materials demonstrated comparable or superior photocatalytic performance at shorter irra-
diation times, e.g., 80% [138], 77% [139], and 74% [140], but also using a considerably large
amount of the photocatalyst during the photocatalytic experiment. Hence, our BFD waste
demonstrates photocatalytic performance comparable to other waste materials despite the
use of a relatively low quantity of photocatalyst in the photocatalytic experiment. This
underscores the promising potential of BFD waste as a photocatalyst, mainly considering
its ability to be appropriately recycled and reused for up to 3 degradation cycles. This
sustainability aspect further enhances the attractiveness of BFD waste as an effective and
eco-friendly alternative for photocatalytic applications.
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Table 4. Comparative analysis of the photocatalytic performance between BFD and other wastes
under different experimental conditions.

Waste PT PM PC RT IS PP Reference
- mg mglL1 min - % -

BFD methylene blue 10 10 180 Visiblelight 74 Here
Electric arc furnace dust rhodamine B 150 1 140 UV light 70 [136]
Electric arc furnace dust remazol black 120 40 150 UV light 72 [137]
Electric arc furnace dust methylene blue 50 2,5 120 UV light 80 [138]
Chromite ore process waste methylene blue 70 10 80 UV light 77 [139]
Turmeric leaves powder methyl orange 10 10 120  Visible light 46 [135]
TiO, supported on tar pitch and red mud remazol black B 200 40 240 UV light 71 [41]
Biosilica from date palm biomass ash bromophenol Blue 50 20 129 UV light 74 [140]
Metals-doped a-Fe,O3 prepared from BFD methylene blue 50 10 150 UV light 72 [40]

4. Conclusions

In summary, the comprehensive analysis of pure BFDW powder revealed its com-
plex composition, structural characteristics, morphological properties, and potential for
photocatalytic applications. The main crystalline phase found in BFDW was o-Fe;Os3,
comprising approximately 90% of the total composition, with minor quantities of CaQO,
K50, ZnO, and MnO. The structural analysis confirmed the presence of x-Fe;O3 and ZnO
as the main phases that may underlie the photocatalytic activity of BFDW. BEDW powder
exhibited a porous surface with diverse shapes and arrangements, primarily composed
of highly porous structures agglomerated and adorned with distinctive-shaped 10-30 nm
nanoparticles. Chemical and thermal analyses highlighted the existence of surface-bound
water molecules, carbonate molecules, and the thermal stability of BEDW up to 900 °C.
Electrical conductivity analysis revealed charge transfer resistance values of 616.4 (2 and
electrode resistance of 47.8 (). Mott-Schottky analysis identified «-Fe,O3 as an n-type
semiconductor with a flat band potential of 0.181 V vs. Ag/AgCl and a donor density of
1.45 x 10" ecm~3. The optical bandgap and luminescence properties of BEDW powder
were primarily attributed to a-Fe;O3 and ZnO phases. Moreover, BFDW exhibited weak
ferromagnetic behavior ascribed to its structural defects and nanoparticles. A maximum
photocatalytic efficiency of 74%, stable up to 3 photodegradation cycles, was demonstrated
through the degradation of methylene blue (MB) dye under visible light. Elemental trap-
ping experiments revealed the involvement of *O, and *OH as the main chemical species
responsible for MB dye degradation. In comparison with other waste materials, BFDW
demonstrates competitive photocatalytic performance, highlighting its potential as an
ecofriendly and effective alternative for photocatalytic applications. Therefore, our findings
demonstrate the importance of BFDW's unique physical properties in influencing its photo-
catalytic properties, paving the way for its sustainable utilization in affordable wastewater
treatment processes.
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