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ABSTRACT

This study explores the efficacy of a spent iron-based (Fe.S) catalyst for the

photo-assisted electrochemical for removal of Methylene Blue (MB) dye. The
catalyst performance was assessed under various operational parameters,
including catalyst loading, initial solution pH, current density, and initial
dye concentration. The commercial iron oxide (FesO4) performance was
benchmarked against spent iron-based catalyst under similar operational
conditions. The results revealed that the best catalyst dosage was found at
0.02 g and 0.06 g for Fe.S and FesQy, respectively. Interestingly, the Fe.S
achieved complete MB decolorization, surpassing FesOswhich only reached
75% under similar conditions. To support these comparative performances,
the catalysts were characterized using SEM-EDX, XRD, FTIR, and BET
analyses. After five cycles of reusability, the Fe.S maintained complete
removal of MB, whereas the FesQO4reusability maintained 45% after three
cycles. However, Fe.S experienced leaching of metal ions concentration
range 0.1 — 0.5 mgL, which is exceed the allowable regulatory limits.
Overall, the study highlights the potential of Fe.S for efficient MB dye
removal. Nonetheless, the metal leaching concern must be resolved prior
to practical application.
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INTRODUCTION

Synthetic organic dyes are extensively utilized in various industries, including
textile manufacture, paper production, and clothing [1]. Additionally, some
dyes serve as pharmaceutical precursors and laboratory indicators. However,
the extensive use of these compounds poses significant environmental
and human health risks due to inherent toxicity and carcinogenicity, even
at low concentrations [2]. Conventional physicochemical and biological
water treatment methods have proven inadequate for the removal of these
recalcitrant organic dyes [2]. Consequently, the development of effective,
on-site treatment technologies is imperative for mid-sized industries [2]. The
textile and pharmaceutical industries utilize materials composed of metals
and synthetic organic and inorganic compounds, which pose significant
environmental and health risks [3]. Methylene blue (MB), a widely used
cationic dye, is of particular concern due to its toxicity, carcinogenicity, and
environmental persistence [3]. The MB is resistance to degradation of light,
heat, water, and oxidation hinders the effective treatment of contaminated
effluents [4]. Consequently, aquatic organisms and humans may be exposed
to harmful levels of this pollutant. Even at low concentrations (< 1 ppm),
MB can impart a noticeable color change to water bodies [4].

Advanced oxidation processes (AOPs) are innovative methods for
eliminating recalcitrant organic pollutants in water through the in-situ
generation of highly reactive hydroxyl radicals (*OH) [5,6]. Technically,
these AOPs method are frequently integrated with other processes such as
biological oxidation to enhance contaminant removal [7]. Alternatively,
AOPs can be classified into photocatalytic [8-9], electrocatalytic [10-11], and
photoelectrocatalytic oxidation [12-13]. Nevertheless, AOPs which often
suffer from limitations such as low efficiency, high energy consumption,
and the generation of harmful by-products, photoelectrochemical advanced
oxidation processes (PEOPs) are emerging as promising techniques
for wastewater remediation, outperforming traditional AOPs in terms
of adaptability, efficiency, and environmental compatibility. Generally,
photocatalytic oxidation used light energy to generate oxidizing agents,
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while electrocatalytic oxidation used electrical energy [14]. These methods
leverage photocatalysts to generate charge carriers, which subsequently
induce the formation of reactive oxygen species such as *OH and superoxide
ions (O,"). These highly oxidizing intermediates facilitate the degradation of
organic contaminants in wastewater as shown in Equation (1) and Equation

(2) [15].
M+ H0 — M (OH)+H + ¢ (1)

M (*OH)+R - M + Intermediates - C0, + H,0 + Inorganic ions 2)

The PEAOPs methods are eco-friendly techniques surpass the
advanced oxidation processes in several key areas. These methods exhibit
exceptional adaptability, efficiency, and compatibility with the environment.
The anodic materials categorized as either active, with low Oz overpotential,
or non-active, with high O: overpotential, have demonstrated efficacy in
catalyzing H20 oxidation to generate “OH radicals, which subsequently
oxidize organic compounds [15]. Their broad applicability and effectiveness
in pollutant removal make them promising solutions for environmental
remediation [12]. Titanium dioxide (TiO2) is a prominent photocatalyst
for pollutant degradation and photoelectrochemical processes under solar
illumination due to its robust redox properties, exceptional photochemical
stability, and non-toxicity [16]. Nevertheless, its wide bandgap and rapid
charge carrier recombination hinder light adsorption and overall efficiency
[17].

Mixed-metal oxides (MMOs) exhibit promising potential for the
degradation of environmental pollutants in air and water streams [18].
The MMOs catalytic activities can facilitate the conversion of harmful
contaminants into less harmful or non-toxic products [19]. Additionally,
MMOs play a crucial role in various synthetic processes, including the
selective production of fuels, polymers, and high-value chemicals [20].
Their ability to promote specific reaction pathways while minimizing by-
products makes them ideal for efficient chemical manufacturing [20]. Albeit
the MMOs containing valuable or rare earth metals, improper disposal of
MMOs can lead to environmental pollution such as soil and groundwater
pollutions due to the metals leaching out over time, posing a threat to
human health and ecological systems. Therefore, the MMOs waste could
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potentially be recycled and used in new applications, for instance, as a
catalyst, electrochemical materials, sensors, and others [19]. However, the
MMOs shows great promise as a catalyst for organic pollutant degradation,
hence continued research efforts to address current benefits and limitations
will pave the way for its adoption in wastewater treatment and environmental
clean-up technologies. Recent developments established the utilization
of metal-waste as catalysts for degradation of organic pollutants such as
magnetic waste iron slag composite (MIS) [21], iron rich waste in fly ash
(FA), foundry sand (FS), red mud (RM), and blast sand (BS) [22], FeO-
constituted iron slag (IS) [23], FesOs-carbon nanocomposite [24], FesO4«@C
incorporated MIL-53(Fe) [10], and FesO4/NiFe204 nanocomposite derived
from iron rust waste [25].

This study investigates the catalytic activity of iron sludge in
the photoelectrochemical (PEC) degradation of methylene blue. The
photoelectrocatalysis is an advanced oxidation process that surpasses
conventional electrochemical degradation by mitigating flocculation and
harmful by-products formation. This enhancement is attributed to the
synergistic effect of photogenerated holes (h”), (O,”), and ("OH) on the
photocatalyst surface. Thus, the PEC technology harnesses light energy
to induce redox reactions via electron-hole pair generation within a
semiconductor material, such as iron sludge. Based on the reusability tests,
the Fe.S catalyst is unstable due to metal leaching for prolonged use in
photoelectrochemical advanced oxidation processes.

EXPERIMENTAL METHODOLOGY

Chemicals

In this investigation, methylene blue (MB, RMStain, R&M) was
employed as a model pollutant. Its physicochemical properties are tabulated
in Table 1. A stock solution of MB, with a concentration of 200 ppm was
prepared. Sodium chloride (NaCl, Fisher Chemical) solution was used as a
supporting electrolyte. The pH of the solution was adjusted to the desired
level using 0.1 M of sodium hydroxide (NaOH, Pellet, R&M Chemicals)
and hydrochloric acid (HCI, 37%, Fisher Scientific).
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Table 1: Specification of MB dye.

Properties
Chemical name 3,7-Bis(dimethylamino)phenothiazin-5-ium chloride
trihydrate
Common name Methylene Blue
Generic name Basic Blue 9
CAS number 7220-79-3
Color index number 52015
lonisation Basic
Solubility Soluble in water: 50 g L' at 25 °C
A 668 nm
Empirical formula C,s H,zCIN.S,H,0
Molecular weight 373.9 g mol”

Preparation of spent iron-based catalyst (Fe.S)

Iron sludge was transformed into a catalyst through a multi-step
process as shown in Figure 1. Initially, the raw iron sludge was sieved to a
particle size of 40-50 um to eliminate debris and rocks. The sieved material
was then subjected to repeated steps of washing and filtration to eliminate
impurities and fine particles. The washed sludge was then dried overnight
in an oven at 80 °C before undergoing calcination at 450 °C in a furnace
to form iron oxide.
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Figure 1: Preparation of Fe.S catalyst.
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Catalytic performance for removal of methylene blue via
photoelectrochemical method

The procedure was adapted from Muin et al. [26] studies. A 100 mL
of'aqueous solution containing 50 ppm of MB dye was prepared and mixed
with the catalyst. The solution was maintained in darkness for 20 minutes
to establish an adsorption/desorption equilibrium prior to ultraviolet lamp
exposure. To enhance current density, a few drops of 1 M NaCl were added.
A platinized titanium anode and a carbon cathode was immersed in the
solution. The dye solution was stirred at 160 rpm for 3 hours. Timekeeping
commenced immediately upon NaCl addition. A direct current (DC)
power supply was connected to provide a constant current of 4 mA/cm?2.
The experiment was conducted at the initial pH of the MB solution. Each
experimental condition was replicated thrice. A schematic representation
of the experimental setup is presented in Figure 2.
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4 set of UV
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Figure 2: Schematic diagram of experimental setup.

To elucidate optimal experimental conditions, several parameters were
investigated: i) Fe.S loading (0.01 to 0.06 g), ii) initial pH of MB (pH 2 to
7), iii) initial MB concentration (25 to 150 ppm), iv) catalyst reusability,
and v) metal leaching. The percentage of MB removal was determined
using Equation (3).

% Removal = % X 100% )

where C, and C (mg L") are the liquid phase concentration of dyes at initial
and final stage, respectively.
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Analytical method
Reusability

The stability and reusability of Fe.S catalyst were evaluated through
several consecutive removal cycles of MB under optimal reaction condition.
Experimental parameters, including initial dye concentration (50 ppm), pH
6, and treatment time (120 minutes), were maintained constant throughout
the study. After each photoelectrochemical cycle, the catalyst was washed
and dried in the oven for 1 hour at 60 °C to remove dye residue.

Metal leaching

The concentration of leached metal ion in the reaction supernatant
were determined using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES, Optima 7000DV, PerkinElmer), employing a
quality control standard with 21 elements in a 5% HNOs matrix. The Fe.S
catalyst’s stability was correlated to the extent of metal ion leaching into
the bulk solution during the reaction.

RESULTS AND DISCUSSION

Figure 3(a) reveals the rough, uneven surface and porous structure
characteristic of Fe.S catalysts produced via thermal decomposition. The
catalyst exhibits a broad size distribution and hierarchical clustering of
primary nanoparticles into larger agglomerates. In contrast, Figure 3(b)
shows commercial FesOa possess a cubic inverse spinel crystal structure,
incorporating both Fe?* and Fe* ions [27]. However, the FesO4 can be
synthesized into nanoparticles, resulting in a uniform size distribution and
enhanced surface-to-volume ratio [28]. A study demonstrates the potential
of thermally treated iron-containing sludge to serve as a heterogencous
catalyst for the efficient degradation of dye pollutants. This catalyst exhibits
notable catalytic activity in both homogeneous and heterogeneous reactions,
particularly for the removal of 4-chlorophenol [29-30].
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Figure 3: SEM of (a) Fe.S and (b) FesOa.

Effect of catalyst dosage

Figure 4 illustrates a distinct relationship between catalyst loading and
MB removal efficiency over time. At lower or higher catalyst loading from
0.01 to 0.06 g, the removal efficiencies exhibit a complete decolorization
within 30 minutes. Furthermore, the implementation of photoelectrochemical
process in this study demonstrated that while increasing the catalyst loading
initially enhanced MB removal, there was a threshold beyond which further
increases did not significantly improve removal efficiency. However, higher
catalyst loadings resulted in diminishing returns, suggesting that excessive
catalyst can lead to aggregation, thereby reducing the effective surface
area available for redox reactions [31]. According to Ikhlaq et al. [31],
experiments employing alum as a catalyst in ozonation process revealed
that increasing the alum loading, MB decolorization improved to almost
complete color removal. Accordingly, increasing catalyst loading generally
results in improved removal efficiencies up to a particular limit. Beyond
this limit, removal efficiency may plateau or even decrease due to factors
for instance, reduced active surface area and increased competition among
dye molecules for reactive sites [32].
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Figure 4: Effect of catalyst dosage at [MB]: 50 mg/L, pH 5,
current density 0.4 A/m?, 30 min treatment time.

Effect of methylene blue initial concentration

The influence of initial concentration on the decolorization of MB
was investigated by varying the MB concentrations to 25, 50, 75, 100,
125, and 150 ppm. The decolorization of MB was investigated under
fixed experimental conditions: catalyst dosage of 0.01 g and pH of 5. The
correlation between MB initial concentration and decolorization efficiency
is illustrated in Figure 5. A significant observation was that increasing the
initial concentration of dyes had a negligible influence on the decolorization
efficiency of the dyes. The methylene blue dye exhibited complete color
removal at both low and high initial concentrations. After 30 minutes of
treatment time, the rate of color removal began to plateau, resulting in
marginal improvement. This is due to the loss of active species from the
iron-sludge catalyst surface during electrochemical process. The oxidation
of an active species via an electrochemical reaction with water and its
components, which are transferred into the treated medium, ultimately
resulting in catalyst deactivation [33].
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Figure 5: Effect of MB initial concentration at pH 5,
current density 0.4 A/m? 30 min treatment time.

Effect of initial pH

The effect of pH is a vital parameter in photoelectrochemical process.
To evaluate the impact of pH on MB dye degradation efficiency, the MB
concentration was kept constant throughout the experiment at 50 ppm and
catalyst dosage at 0.01 g while manipulated the pH (2, 3, 4, 5, 6, and 7). The
pH not only influences adsorption capacity but also affects the degradation
mechanisms. For instance, at different pH levels, the relative contributions
of photolysis and oxidation to MB degradation can vary, impacting the
overall removal efficiency. Figure 6 demonstrates that at pH 5 and 6, which
initial pH of MB, the removal efficiency rapidly increases, reaching nearly
complete decolorization within 30 minutes. This superior performance can
be attributed to favorable surface charge interactions between the iron-sludge
catalyst and MB molecules at this pH level. However, at pH values ranging
2 to 7, complete substrate removal of MB was observed, and the removal
efficiency remains constant after 30 minutes. Moreover, different studies
have shown that an optimal pH ranges for utmost MB removal efficiency.
According to Alkayal et al. [34], the experiment employing palladium
nanoparticles exhibit the degradation efficiency of MB was observed to be
the highest at slightly acidic to neutral pH levels, specifically at pH 5 and
6.6, reaching degradation efficiencies of 98.1% and 99.6%, respectively.
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Figure 6: Effect of initial pH at [MB]: 50 mg/L, current density 0.4 A/m?,
30 min treatment time.

Comparison of iron-sludge (Fe.S) catalyst and
commercialized iron (lll) oxide (FesOa)

Based on Figure 7, iron sludge exhibits better performance with utmost
MB degradation compared to commercialised iron oxide. This is due to the
iron sludge has been shown to be an effective heterogeneous catalyst for
the degradation of organic dyes, often requiring a lower dosage compared
to commercial iron (III) oxide. According to Adachi et al. [35], has found
that the superior catalytic performance of iron-doped hydrochar (5% Fe@
BC) for the removal of methyl orange dye in a heterogeneous Fenton-
like process. Notably, this catalyst requiring a lower catalyst dosage and
hydrogen peroxide compared to alternative materials such as cobalt ferrite
and copper ferrite. The removal of methylene blue using Fe.S catalyst and
Fe304 under different pH conditions has been explored in various studies.
Based on Figure 7, iron sludge catalyst worked better, especially at a pH
of 5, which removed up to 98% of MB, while FesO4 only removed 47% at
a pH of 2. Furthermore, iron sludge catalyst exhibits higher MB removal
efficiency from lower to higher concentrations with 0.01 g of catalyst dosage.
However, FesOa used 0.06 g of catalyst dosage to efficiently removal MB
for both lower and higher concentrations. A study investigates the influence
of catalyst dosage on the dye removal. While increasing the catalyst dosage
generally enhances adsorption and removal efficiency, there exists an
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optimal loading beyond which further increases, resulting in decreased
performance due to nanoparticles aggregation, leading to a reduction in the
number of available active sites [36]. These findings suggest the importance
of optimizing catalyst dosage for effective dye removal.
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Figure 7: Comparison of Fe.S and FesOs catalyst, (a) Effect of catalyst loading,
(b) Effect of initial pH, and (c) Effect of initial concentration
at current density 0.4 A/m?, 30 min treatment time.

Reusability

The reusability of Fe.S and FesOa catalysts were investigated for
decolorization of methylene blue at a concentration of 50 ppm and at a pH
of 6 and 2 for Fe.S and FesOs, respectively. The catalytic performance was
evaluated over five consecutive cycles to assess its durability and potential
for long-term applications in wastewater treatment. Additionally, Fe.S
catalysts demonstrated higher reusability compared to FesOs, maintaining
nearly complete decolorization of MB for five consecutive runs. The catalytic
activity of FesOs significantly decreased after repeated used, resulting in
drastically dropped to 48% of MB decolorization efficiency. Unfortunately,
Fe.S catalyst exhibited metal leaching into dye solution during consecutive
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reuse cycles. The leaching level ranged from 0.1 to 0.5 mg/L, exceeding
allowable regulatory limits. The leaching of metal ions from catalyst can
alter the catalyst surface properties, affecting the dye removal capacity.
For instance, iron-based catalyst exhibit varying performance depending
on the metal content and the presence of competing ions. When metal ions
leached into the solution, they can interact with dye molecules, potentially
forming complexes that hinder effective dye removal [37]. These findings
indicate that iron sludge catalyst requires modification to mitigate metal
leaching. Additionally, a comparative study reveals the superior catalytic
performance of Fe.S catalysts relative to conventional FesOs. These sludge-
based catalysts show remarkable durability, maintaining approximately 90%
pollutant removal efficiency even after multiple catalytic cycles [29]. These
findings suggest promising implications for the development of sustainable
and effective wastewater treatment processes utilizing iron sludge-derived
catalysts.

Fe.S
Fe,O,

100

80 +

60

% Removal

40

20+
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Figure 8: Reusability of catalyst Fe.S and FesO. at [MB]: 50 mg/L, pH 5,
current density 0.4 A/m?, 30 min treatment time.
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CONCLUSION

Synthesized Fe.S exhibits significantly enhanced catalytic properties
compared to commercial FesOs. This superior catalytic performance
is primarily attributed to its heterogeneous composition containing a
variety of active metal oxides and a porous structure. The latter provides a
larger surface area, facilitating enhanced reactant adsorption and product
desorption, thereby accelerating catalytic reaction. In conclusion, the Fe.S
catalyst exhibited exceptional catalytic activity for the photoelectrochemical
degradation of MB compared to commercial FesOs. Optimal operational
conditions were determined, including a catalyst dosage of 0.01 g and a
pH of 5, resulting in near-complete degradation within 30 minutes. These
findings highlight the critical role of fine-tuning operational parameters
in maximizing catalytic efficiency and promoting the application of iron
sludge-based catalysts in sustainable wastewater treatment. Nevertheless,
the phenomenon of metal leaching must be mitigated to ensure its viability
before practical applications. One potential strategy involves the synthesis
of metal-organic frameworks (MOFs) incorporating Fe.S. By encapsulating
Fe.S within the MOF's matrix, the leaching of metal ions can be significantly
suppressed, thereby enhancing the structure and stability of the catalyst.
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