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Abstract

Zircon sand mining generates significant magnetic waste, presenting an opportunity for
valorization into valuable materials. This study explored the synthesis of Fe;O4 from zircon
sand mining residues and its application as a photo-Fenton catalyst for humic acid
degradation in peat water. Fe3;O4 was synthesized via co-precipitation and characterized
using FTIR and XRD, confirming the formation of a crystalline magnetite structure with
distinct Fe—O bonding. Photocatalytic tests revealed an optimal catalyst mass of 0.03 g,
achieving 87.06% humic acid degradation within 100 minutes under UV light with the
addition of 1 mL H:0.. The photo-Fenton system exhibited high efficiency due to the
generation of hydroxyl radicals (¢*OH), which facilitated the breakdown of complex organic
molecules. Kinetic analysis indicated that the degradation followed a second-order reaction
mechanism, with a rate constant of 8.29 x 10~* M 'emin ! and an R2? value 0f 0.9911. Excess
catalyst mass reduced performance due to side reactions and turbidity effects. This study
demonstrates that Fe3O4 derived from mining waste is an efficient and sustainable catalyst
for addressing environmental challenges, particularly in treating humic acid-rich peat water,
contributing to sustainable water management solutions.
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Highlights

1. Magnetite Fe;04 was successfully synthesized from zircon sand mining waste via a co-
precipitation method, as confirmed by crystalline magnetite through FTIR and XRD
analysis.

2. As a photo-Fenton catalyst, Fe3O4 achieved 87.06% degradation of humic acid in peat
water within 100 minutes using 0.03 g of catalyst and 1 mL of H2O..

3. The degradation process followed second-order kinetics with a high correlation
coefficient (R*=0.9911), indicating efficient interaction between hydroxyl radicals and
humic acid.

4. Excessive catalyst or H2O: reduced degradation efficiency due to side reactions and
limited UV light penetration caused by turbidity.

5. This study demonstrates the potential of valorizing zircon mining waste into sustainable
catalytic materials for environmental water treatment applications.
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Introduction

Peat water, commonly found in
Indonesia’s lowland regions such as
Sumatra and Kalimantan, presents
significant challenges for use as a clean
water source due to its high levels of
natural organic matter, primarily humic
(HA) and fulvic acids (FA) (Qadafi et al.,
2023). These compounds not only give
umicpeat water its distinct brown
coloration but also contribute to its acidic
pH, requiring extensive treatment before
it can be utilized for domestic or industrial
purposes (Sativa et al., 2021). Several
conventional treatment methods,
including coagulation-flocculation,
sedimentation, and membrane filtration,
have been employed to purify peat water;
however, their effectiveness in fully
removing dissolved organic matter
remains limited (Elma et al.,, 2021).
Similarly, adsorption, filtration, and
ozonation have shown limited efficacy,
often failing to address the complex
organic structure of humic substances
(Qadafi et al., 2023; Sugandi et al., 2024).
Emerging technologies, including
advanced oxidation processes (AOPs),
offer promising alternatives by employing
reactive radicals to degrade persistent
organic pollutants, including humic acids
(HA).

Advanced  Oxidation  Processes
(AOPs) represent a cutting-edge approach
for addressing wastewater treatment
challenges, particularly for the removal of
persistent organic pollutants that resist
conventional methods (Lama et al., 2022).
These processes rely on the generation of
hydroxyl radicals (*OH), highly reactive
species capable of breaking down
complex organic molecules into simpler,
less harmful forms (Khan et al., 2023).
AOPs are broadly -categorized into
homogeneous systems, which use soluble
oxidants like hydrogen peroxide and
ozone, and heterogeneous systems, which
rely on solid-phase semiconductors as
catalysts (Lama et al., 2022). Among the
various AOPs, photocatalytic methods—
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combining UV or visible light with a
catalyst—stand out for their versatility
and efficiency in degrading pollutants like
pharmaceuticals and dyes (Khader et al.,
2024). The photo-Fenton process, a
notable example, has demonstrated
remarkable efficiency in degrading
pharmaceutical compounds in effluents
from wastewater treatment plants,
achieving degradation rates as high as
71.9% to 100% (Napoleao et al., 2018).
Beyond pollutant removal, AOPs also
enhance the biodegradability and reduce
the toxicity of wastewater, making them
an indispensable tool for managing
industrial and municipal wastewater
sustainably (Khader et al., 2024).
Photocatalysis is now recognized as one
of the most efficient methods for treating
peat water, driving research efforts toward
the development of advanced
semiconductor-based materials (Beladona
etal., 2023).

Previous investigations have
extensively examined the use of various
metal  oxide  catalysts in  the
photodegradation of peat water, focusing
on their ability to address its complex
organic composition. Zinc oxide (ZnO)
catalysts have demonstrated moderate
efficiency in degrading humic acid (HA)
through photosonolysis, achieving a
degradation rate of up to 21.99%
(Zulkarnaini et al., 2022). Titanium
dioxide (TiO:)-based catalysts, utilized
both as slurries and as coatings on ceramic
beads, have proven effective in reducing
color intensity, chemical oxygen demand
(COD), and humic acid (HA)
concentration  while  simultaneously
enhancing water conductivity. These
improvements indicate TiO.’s potential
for transforming the quality of peat water
into a more usable form (Tanos et al.,
2024). A particularly innovative approach
using Ti02-PP floating photocatalysts has
shown significant success in removing
humic acid and iron, with solar irradiation
yielding superior results compared to UV
lamp exposure (B. S. Nugroho et al.,
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2023). However, the need for cost-
effective and sustainable catalysts
remains unmet. Magnetite (Fe;Os), with
its unique magnetic separability, high
surface area, and catalytic activity, has
emerged as a promising candidate. Recent
studies have highlighted its adaptability
under both UV and visible light for
degrading various pollutants, including
methylene blue and industrial dyes
(Pasaribu et al., 2024). However, its
application in humic acid degradation
within peat water remains underexplored.

Zircon sand (ZrSiO4) is a valuable
mineral widely used in industries such as
ceramics and advanced materials.
Indonesia contributes approximately 4%
of the global zircon market, with Central
Kalimantan holding significant reserves,
estimated at over 5.4 billion tons (Suseno,
2015). Through processes like magnetic
separation, acid leaching, and alkali
fusion, the zirconium dioxide (ZrOz)
content in raw zircon sand can be
increased from 42% to 66%, enhancing its
industrial value (Murtadho et al., 2022).
In addition to its benefits, zircon mining
generates significant waste, particularly
residues rich in magnetic minerals like
magnetite (FesOs). These by-products,
rather than being discarded, present
opportunities for recovery and reuse in
high-value applications, such as catalysis
and environmental remediation. Utilizing
these residues not only adds economic
value but also mitigates environmental
impacts, underscoring the importance of
integrating resource efficiency and
ecological sustainability in the extraction
of zircon sand.

Magnetite (FesO4) is a versatile
material with distinctive properties such
as a high surface area, excellent magnetic
separability, and robust catalytic activity,
making it an exceptional candidate for
environmental remediation (Agnestisia,
2017). Recent advancements in research
have revealed its effectiveness as a
photocatalyst for degrading a variety of
organic pollutants, including industrial
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dyes. It is typically synthesized through
methods like coprecipitation (Nengsih et
al., 2024)These FesOa are often derived
from natural iron sources and exhibit soft
magnetic  properties. This  unique
characteristic allows these nanoparticles
to be effortlessly separated from water
after treatment, enabling practical and
sustainable applications (Blanco-
Gutiérrez et al., 2022). The photocatalytic
performance of FesO. is notable both
under ultraviolet (UV) and visible light,
showcasing its adaptability in diverse
conditions. Studies have demonstrated its
ability to effectively degrade persistent
pollutants such as methylene blue and
polyethylene terephthalate (PET)
(Blanco-Gutiérrez et al., 2022; Nengsih et
al., 2024). Moreover, combining Fes;Oa
with complementary materials, such as
titanium dioxide (TiO2), silicon dioxide
(S102), or biopolymers like alginate, can
significantly enhance its efficiency. These
composites leverage synergistic effects to
improve light absorption, pollutant
interaction, and overall degradation rates,
making FesOs a promising material in
advancing photocatalytic technologies for
environmental cleanup (Nengsih et al.,
2024; Wardhani et al., 2023).

In this study, FesOs was synthesized
from zircon sand mining waste, a by-
product rich in magnetic minerals. This
approach not only valorizes industrial
waste but also aligns with the Sustainable
Development Goals by minimizing
environmental impacts. The research aims
to evaluate the photocatalytic efficiency
of FesOs as a photo-Fenton catalyst,
addressing the challenges of humic acid
degradation in peat water. By comparing
its performance to alternative methods,
this study contributes to advancing
sustainable water treatment technologies.

Research Methods
Materials

The magnetic waste was sourced from
zircon sand mining in Kapuas Regency,
peat water obtained from ponds in
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Palangka Raya City, humic acid (HA) for
standard  (Aldrich technical grade),
hydrochloric acid (HCI1) 37% (Merck Pro
Analysis), ammonia (NHs) 25% (Merck
Pro Analysis), hydrogen peroxide (H20:)
30% (Merck Pro Analysis), and distilled
water.
Instrumentation

The tools utilized included laboratory
glassware (Pyrex), UV light box with
LED UV lamp (365 nm, Epileds), external
magnetic bar, Whatman Filter Paper,
Analytical Balance (Ohaus PR224),
centrifuge (Hettich EBA 200), Hotplate
Stirrer (Thermo Scientific CH), oven
(Memmert UN30), Orbital Shaker (Kang
Jian), X-ray diffraction (XRD) (Philips
with  X’Pert MPD), and Fourier
Transform Infrared Spectroscopy (FTIR)
(Shimadzu FTIR-8400S spectrometer).
Procedure
1) Magnetic materials separation from

zircon mining waste

The magnetic material utilized for
photocatalysis was derived from

zircon sand waste through a
systematic extraction process.
Initially, the zircon sand waste

underwent magnetic separation using
an external magnet to isolate the
magnetic components (Soylak et al.,
2021). The 1solated material was then
ground manually with a mortar and
pestle, followed by sieving with a 100-
mesh sieve to achieve finer particle
sizes.
2) Synthesis of magnetite (FesO.) from
magnetic waste
Preparation of magnetite (FesOa)
was performed using a combined
extraction and  co-precipitation
technique (Pasaribu et al., 2024).
Initially, 6 g of magnetic waste was
dissolved in 60 mL of concentrated
hydrochloric acid (HCI) and stirred at
80 °C for 90 minutes until a greenish
solution indicative of dissolved iron
compounds was achieved. This
solution was filtered twice to remove
impurities. The filtrate was gradually
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titrated with 1 M ammonia hydroxide
(NHs) solution until the pH reached 9,
prompting the formation of black
Fes;Oa precipitate. The precipitate was
then separated efficiently using an
external magnetic field, ensuring the
isolation of magnetically active
particles. To remove residual
impurities, the precipitate was
thoroughly washed with distilled
water until a neutral pH of 7 was
achieved. Finally, the purified FesOa
was dried under controlled conditions
in a vacuum oven at 60 °C for 12
hours.

Photo-fenton degradation of humic
acid (HA) by Fe304

The photocatalytic activity of
Fe;Oa was evaluated using humic acid
(HA) as a model organic pollutant. An
amount of 0.03 g of FesOa catalyst was
introduced into 50 mL of peat water
and stirred at 150 rpm under dark
conditions for 120 minutes, with
sampling every 20 minutes. Following
the initial reaction phase, 1 mL of 30%
hydrogen peroxide (H20:) was added,
initiating  the  photo-degradation
process under UV irradiation at 365
nm. During this phase, samples were
collected every 10 minutes for a total
duration of 100 minutes to analyze the
degradation process. To assess
treatment  efficiency, absorbance
measurements were taken using a UV-
Vis spectrophotometer at 354 nm
before and after the degradation.
Variations n experimental
parameters, including FesOas catalyst
weight (0.02 g and 0.04 g) and H:0:
volume (0.5 mL and 1.5 mL), were
tested to examine their influence on
photocatalytic performance.

The optimal dosage of Fe;Oq
catalyst and H20: is determined by
evaluating the highest removal
efficiency percentage (%), which is
calculated using Equation (1). Here,
Ao, represents the absorbance of peat
water before the degradation process,
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while A indicates the absorbance after
the degradation process.

(Ao' At)

0

% Degradation= x 100 (1)

Results and Discussion

Magnetic separation is an effective
technique for isolating valuable minerals
from waste materials in mining
operations. This  process exploits
differences in magnetic properties of
various minerals, separating them based
on their magnetic susceptibility (Herrera-
Pérez et al., 2023). In zircon sand (ZrSiO4)
mining, magnetic waste often contains
iron-rich minerals like magnetite (FesO4),
ilmenite (FeTiOs), and hematite (Fe20s).
By utilizing a combination of magnetic
separation and co-precipitation, the
extraction efficiency of FesOs was
enhanced, with yields exceeding 85%
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under optimal conditions (Khuzaima et
al., 2018; Moscoso-Pinto & Kim, 2021).
High-purity Fe304 can be obtained from
iron sand through a process involving
magnetic separation, acid dissolution, and
precipitation, resulting in a single-phase
product with ferromagnetic properties
(Gunanto et al., 2018). These findings
support the feasibility of processing
magnetic waste to recover FesOa
efficiently.

The synthesis of FesO4 involves three
main steps: leaching, alkaline
precipitation, and the formation of Fe;Oa
(Pasaribu et al., 2024). The magnetic
fraction from the waste is extracted with
HCI, producing Fe** and Fe** ions, which
are subsequently titrated with NH4sOH to
reach pH 9 to form a mixture of iron
hydroxides (Kristina et al., 2024) as
described in Equations (2) to (6).

Fe;03 s) + 6HCI (aq) — 2Fe* (aq) + 3H,0 ()
Fe;04(s) + 8HCI (aq) — Fe™ (aq) + 2Fe™* (aq) + 4H.0 3)
Fe"™ (aq) + 3 OH" (aq) — Fe(OH); (s) 4)
Fe" (aq) + 2 OH" (aq) — Fe(OH)2 (s) (5)
Fe(OH): (s) + 2Fe(OH);3 (s) — Fe304 (s) + 4H20 (6)

The process continues with heating at
approximately 60 °C, where Fe(OH). and
Fe(OH)s react to form FesO. and water.
The resulting black FesOs precipitate,
which exhibits magnetic properties and a
crystalline magnetite structure, is then
washed with distilled water to remove
residual ions, such as Na'" and Cl, and
dried to eliminate remaining moisture.
The final product demonstrates its
magnetic response to an external
magnetic field, as shown in Figure 1,
showcasing the potential of transforming
industrial waste into valuable materials
for purification technology applications.
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(@) (b)
Figure 1. (a) FesO4 material, (b) magnetic

properties test to an external magnetic
field

The FTIR spectrum of the synthesized
Fe;Os material, presented in Figure 2,
spans the wavenumber range of 400—4000
cm'. The spectrum exhibits characteristic
peaks indicating the presence of Fe—-O
bonds in octahedral and tetrahedral
positions. Absorption peaks observed at
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537 cm™ and 419 cm™ correspond to the
stretching vibrations of Fe—O bonds at
these positions (Agnestisia, 2017). These
features confirm the successful synthesis
of magnetite (FesOs4) with magnetic
properties derived from the arrangement
of Fe* and Fe*" ions in octahedral and
tetrahedral sites within its crystal lattice
(Husain et al., 2019). This structure plays
a crucial role in supporting the
functionality of FesOs4 as a catalyst in
photo-Fenton reactions. The magnetic and
electronic properties of FesOs4 enable
efficient electron transfer, which is a key

Jurnal Kimia Riset, Volume 10 No. 1, June 2025 1-16

mechanism in catalytic photo-Fenton
reactions.

Additionally, the FTIR spectrum of
Fe;04 shows no absorption peaks in the
range of 3000-3500 cm™!, which typically
indicates hydroxyl (—OH) groups from
adsorbed water. The absence of these
peaks suggests that the synthesized
magnetite is relatively free from water or
hydroxyl groups, reflecting an efficient
synthesis and drying process. These
findings align with previous studies,
which reported such peaks due to
environmental moisture or water used
during synthesis (Villegas et al., 2020).

WMk

% Transmittance

QWW’\/ A\\

|
\

Fe-0~

% T ¥ T
4000 3500 3000

Y T ®. T % T Y T
2000 1500 1000 500

Wavenumber (cm™)

Figure 2. FTIR spectra of Fe3O4

The XRD analysis of the magnetite
Fe;O4 material is presented in Figure 3.
The X-ray diffraction (XRD) pattern of
the synthesized FesOs4 reveals four
prominent diffraction peaks at 20 angles
of 30.20°, 35.43°, 43.05°, and 56.88°.
According to the Joint Committee on
Powder Diffraction Standards (JCPDS
No. 19-0629), these peaks correspond to
the Akl of (220), (311), (400), and (511)
crystal planes, respectively. These peaks
are characteristic of the spinel structure of
magnetite (FesO4) (Budi et al., 2019). This
diffraction pattern confirms that the
synthesized material exhibits an ordered
crystal structure with a magnetite phase,
essential for catalytic applications. The
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spinel structure provides a stable
configuration of Fe** and Fe*" ions within
the crystal lattice, ensuring material
stability in chemical reactions (Saragi et
al., 2018).

The crystallinity of FesOs as
evidenced by the sharp peaks in the XRD
pattern, plays a crucial role in its
effectiveness as a catalyst in photo-fenton
reactions. The well-ordered crystal
structure  enables efficient electron
transfer between Fe** and Fe** during
catalytic processes. This electron transfer
facilitates the generation of highly
reactive hydroxyl radicals (*OH), which
degrade complex organic compounds in
water into simpler molecules (M. G.
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Nugroho et al., 2024). Furthermore, the
magnetite phase identified in the XRD
pattern highlights the magnetic properties
of FesOs, allowing easy separation of the
catalyst from the reaction solution using
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an external magnetic field. This feature
enhances process efficiency and promotes
sustainability, as the catalyst can be
reused without leaving residues in the
solution (Gadgeel et al., 2019).

250

200

150

100

Intensity

50

o

220

331

1

‘ “o 51
e

60

2 theta (°)

Figure 3. XRD diffractograms of Fe;O4

The photocatalytic degradation test of
humic acid was conducted to evaluate the
performance of FesO4 as a catalyst in the
photo-Fenton system. Initially, adsorption
was performed in dark conditions to
ensure equilibrium, which is crucial for
assessing the  material's  intrinsic
adsorption capacity. Subsequently, the
system was exposed to UV radiation to
initiate the photo-Fenton reaction. The
effect of varying FesOa catalyst masses
(0.02 g, 0.03 g, and 0.04 g) on humic acid
degradation was evaluated.

As shown in Figure 4a, the results
under dark conditions revealed low
degradation levels, with the highest value
being 13.32% for 0.03 g. UV exposure
significantly enhanced degradation. At 10
minutes, degradation reached
approximately 55% across all FesO4 mass
variations, with 0.03 g demonstrating the
highest efficiency. This emphasizes the
crucial role of UV-activated H:0: in
generating hydroxyl radicals (*OH),
which act as the primary agents driving
the degradation process (Liu et al., 2021).
However, increasing the mass from 0.03 g
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to 0.04 g reduced efficiency, indicating an
optimal catalyst mass.

The highest degradation of humic acid
was observed with 0.03 g of catalyst
(87.06%) at 100 minutes, while 0.04 g
showed reduced performance due to side
reactions that decreased the concentration
of effective hydroxyl radicals and
generated less reactive radicals such as
*HO: (Karim et al., 2021). The reduced
efficiency with excessive Fes04(0.04 g) is
attributed to factors such as side reactions
among radicals, the precipitation of
Fe(OH)s, which hinders the regeneration
of Fe?" and Fe*' ions, and blocks the
diffusion of radicals to humic acid
molecules.  Additionally,  excessive
catalyst mass increased solution turbidity,
reducing UV light penetration and the
activation of H20. (Wang et al., 2023).
These combined factors resulted in lower
degradation efficiency, highlighting the
importance of optimizing the catalyst
quantity in the photo-Fenton reaction. The
change in color of peat water resulting
from the photo-Fenton degradation of
humic acid is presented in Figure 5b.
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Figure 4. Photo-Fenton degradation of HA activity curves with different weights of (a)

Fe304 catalyst, (b) volume of H O»

As illustrated in Figure 4b, the photo-
fenton system exhibited varying degrees
of humic acid degradation when subjected
to different volumes of hydrogen peroxide
(H202). Upon initiation of UV irradiation
at the zero-minute mark, a substantial
acceleration in humic acid degradation
was observed. At the 10-minute interval,
degradation percentages reached 30.2%,
55.7%, and 48.2% for H>O- volumes of
0.5mL, 1.0 mL, and 1.5 mL, respectively.
This enhancement underscores the role of
UV light in activating H2O: to produce
highly reactive hydroxyl radicals (*OH),
which effectively dismantle the intricate
organic structure of humic acid (Sun et al.,
2024). Among the tested volumes, 1.0 mL
emerged as the optimal dosage, yielding
the highest degradation. Interestingly,
further increasing the H.O: concentration

10

- - .
- a

he . I A

0.8 . . . ) A A 4 A
.
.
064 . g
* e
.
© 04 .
= Fe304 0,03 gr + H202 1 mi ]
®-H202 1ml |
n
024 &— Fe304 0.03 gr ..
.
Dark UV Lamp

0.0 - - r .

-100 -50 0 50 100

Time (min)
@

Online ISSN: 2528-0422

did not  proportionally  improve
degradation efficiency, likely due to
competing side reactions (Ramos et al.,

2020).
Humic  acid  degradation  had
progressed to 76.84%, 87.06%, and

84.03% at 100 minutes for the 0.5 mL, 1.0
mL, and 1.5 mL H:0: volumes,
respectively. The decreased efficiency at
1.5 ml is attributed to side reactions, such
as the formation of hydroperoxyl radicals
(*HO2), which are less reactive than
hydroxyl radicals. These side reactions
reduce the effective radicals available for
degradation (Shen et al., 2020).
Additionally, excess H20: can lead to an
accumulation of Fe3" ions, which inhibits
the regeneration of Fe** in the Fenton
cycle, ultimately lowering the production
of hydroxyl radicals (Zhou et al., 2017).

L _raled ¥ sy S & o &

el

(b)

Figure 5. Photo-Fenton degradation activity curves of HA with different condition (a); and
colour change of HA degradation (b)
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Figure @ 5a  demonstrates  that
photodegradation of humic acid is
influenced by the roles of Fe:Os, H20-,
and their combination under both dark
conditions and UV exposure. In the dark,
oxidative activity remains minimal due to
the limited formation of hydroxyl radicals
(*OH), which are the primary oxidants in
this process. H:0. exhibits slight
oxidative activity even without UV, while
FesOs4 acts as a passive catalyst. The
combination of Fe;Os and H202 shows no
significant improvement in the absence of
UV light, as degradation reactions are not
yet optimal without UV activation. UV

Fe;04 + H" — Fe** + Fe*" + H,O
Fe?" + H,0; — Fe** + HO™ + *OH
Fe’* + H)O, — Fe?* + H'++<HO;
*OH + HA — Degraded HA products
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exposure significantly enhances
photodegradation efficiency, particularly
for the FesOs and H>O: combination. In
contrast, FesOs or H20. alone exhibits
much lower degradation efficiency,
highlighting the importance of their
combined interaction in the
photodegradation of humic acid. The
subsequent Fenton process generates
hydroxyl radicals (*OH), which are
further enhanced by UV light to degrade
organic compounds into degraded
products (Mahmud et al., 2021). The
underlying reaction mechanism s
provided in Equations (7) to (10).

(7
(8)
)
(10)

Table 1. Performance comparison of the FesOas catalyst with other recently reported

catalysts for the degradation of humic acid (HA):

Catalyst Dosage Efficiency Reference
a-Fe203/NiSz 0.1 g/lL 100 min ~ 93.7 % (Mohtar et al., 2021)
Ag-WO3/bentonite 100 mg 360 min 91 % (Ajel & Al-nayili, 2022)
Ag-TiOo/HAP/ALLO3 15 mg/L 60 min 88.3 % (Ma et al., 2010)

FesO4 30 mg 100 min ~ 87.06 % This work

FeSO47H,0O 10°mol.L™! 120 min 78 % (Katsumata et al., 2008)
Ti02/Cu-areca fiber 30 mg 180 min 54 % (Sugandi et al., 2024)
Zn0O 30 mg 120 min ~ 21.99 % (Zulkarnaini et al.,

2022)

Based on Table 1, the FesOa catalyst
developed in this study demonstrated
87.06% efficiency in degrading humic
acid (HA) within 100 minutes, placing it
among the more effective options.
Although a-Fe:03/NiS: (93.7%) and Ag-
WOs/bentonite (91%) showed slightly
better results, FesO4 outperformed several
other catalysts, including FeSO.-7H-.0
(78%), TiOz/Cu-areca fiber (54%), and
ZnO0  (21.99%). With its  high
effectiveness and reasonable reaction
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time, FesOa presents strong potential for
further enhancement, particularly through
modifications aimed at improving its
photocatalytic capabilities.

The catalytic kinetics model of the
Photo-Fenton process was employed to
analyze the degradation of humic acid and
measure its reaction rate. Both first-order
and second-order kinetics were evaluated
using In (Co/C) versus time for first-order,
and 1/C versus time for second-order
models as shown in Figure 6a-b.
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Figure 6. Cycle of Humic Acid Degradation via Fe3O4 Fenton Catalyst

Figure 7 and Table 2 revealed that R?
values for the first-order model across
various conditions—such as H:0: (UV),
Fe:04 (UV), and Fes;Os4 combined with
H>O>—ranged from 0.8942 to 0.9837,
indicating moderate correlation but
incomplete adherence to first-order
kinetics. In contrast, the second-order
model showed higher R? values, ranging
from 0.9608 to 0.9917, suggesting a better
fit and implying that the degradation
process of humic acid by FesOas likely
follows second-order kinetics, where the
reaction rate strongly depends on the
interaction between hydroxyl radicals
(*OH) and humic acid molecules. This
kinetic model is consistent with the

" H202(UV)

204 @ Fe304003gr(LV) e o ‘
A Fe304 0.02 gr (H202,UV) ) S
¥ Fe304 0.03 gr (H202,UV) e
& Fe304 0.04 gr (H202,UV) x ) ‘
1.5+
¥
~
g »
O 10 e .-“".'
= A

054+

0.0+

T T T T T
0 20 40 60 80 100
Time (min)

()

1/C

previous study (Wu et al., 2010). The
analysis supports the second-order kinetic
mechanism, where the degradation rate
increases with the concentration of
radicals produced. The highest reaction
rate constant (k) was recorded at 8.29 x
104 ML, min! for 0.03 g of Fe:Oa,
indicating that this amount of catalyst is
optimal for accelerating humic acid
degradation. However, at 0.04 g of Fe;Oa,
the reaction rate constant decreased
slightly, suggesting a saturation effect or
side reactions caused by the excess
catalyst. This highlights the importance of
optimizing catalyst quantity to achieve
maximum degradation efficiency in the
photo-fenton reaction.

0104 = H202(Uv)
® Fe304 003 gr (UV)

A Fe304 002 gr (H202,UV)
w Fe304 0.03 gr (H202,UV)
& Fe304 0.04 gr (H202,UV)

e

0.08 4

0.06

0.00

Time (min)

(b)

Figure 7. First-order (a); and second-order (b) kinetic model graphics of photo-fenton

degradation of HA under various conditions
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Table 2. Parameters of the first-order and second-order photo-fenton degradation kinetics

model under different conditions

First-order

Second-order

Material and condition

R? ki (min™) R? ko M .min?)
H>O,(UV) 0.9379 4.61x107 0.9608 1.02x 104
Fe;040.03 g (UV) 0.9837 8.03x10* 0.9793 133x10°
Fe;040.02 g (H202, UV) 0.9325 1.67 x 107 0.9917 798 %107
Fe3040.03 g (H20, UV) 0.9281 1.70 x 10 0.9911 829x 10+
Fe;040.04 g (H2O02, UV) 0.8942 1.57x 107 0.9898 7.18x 10"
Conclusions the photo-Fenton degradation

This study successfully synthesized
Fe;0s magnetite from zircon mining
waste, demonstrating its  superior
performance as a photo-Fenton catalyst
for humic acid degradation in peat water.
Characterization confirmed the successful
synthesis, with FTIR identifying Fe-O
bonds at wavenumbers 537 cm™ and 419
cm™', and supported by analysis of XRD
indicating crystallinity at 20 angles of
30.14°, 35.51°, 43.19°, and 56.96°. In
photocatalytic activity, FesOa at a mass of
0.03 g achieved the highest humic acid
degradation efficiency of 87.06% within
100 minutes under UV light with the
addition of 1 ml of H20.. This enhanced
performance is attributed to the
semiconductor properties of FesOa, which
facilitate the formation of hydroxyl
radicals. Kinetic analysis revealed a
second-order reaction, with FesO4 (0.03 g)
+ 1 ml H20: exhibiting the highest rate
constant (8.29 x 10 M '.min') with an
R? wvalue of 0.9911. These findings
highlight the potential of FesO4 magnetite
as an effective and sustainable catalyst for
wastewater treatment applications.
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