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Water pollution caused by linear alkylbenzene sulfonate (LAS) from laundry effluent has been increasingly
detected, posing serious threats to both the environment and human health. Preventing this pollution requires a
method that not only effectively reduces LAS concentration but also transforms it into smaller, safer molecules.
This research aims to enhance the effectiveness of the photo-Fenton process at near-neutral pH for the removal
of LAS from laundry effluent by introducing rusted iron waste as a heterogeneous catalyst thermally treated at
100 °C and 450 °C. LAS photodegradation was conducted using a batch technique along with optimization
of several process variables. The systematic characterization using XRD, DR-UV /Visible, SEM, and surface
area analyzer techniques confirmed that increasing the calcination temperature of rusty waste results in the
formation of more crystalline and purer iron oxide (Fe,O3) exhibiting larger surface areas, wider pore diameters,
and smaller band gap energies. Consistent with these properties, the iron oxide catalyst was able to remove LAS
from laundry wastewater at an initial concentration of 119.18mg/L, achieving up to 95% degradation efficiency,
significantly higher than catalysts prepared at lower temperatures. The optimal degradation condition for 50
mL of wastewater was obtained by applying 6 g L ™! catalyst dose and 250 mmolL~! of H,O, at pH 6, resulting
in a 95% reduction of LAS within 60 minutes. These findings demonstrate that the heterogeneous photo-Fenton
process, employing low-cost rust-derived iron oxide catalysts under near-neutral pH conditions, provides an
effective and environmentally sustainable approach for treating laundry wastewater. Consequently, this method
holds great potential in mitigating environmental pollution.
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1. Introduction not only require large amounts of rinsing water but also
consistently use detergent in substantial quantities [1-4].
The main active component in the detergent is anionic sur-
factants such as LAS [1-5]. Wastewater with high LAS
content is also found in the detergent manufacturing indus-

Laundry services are widely found in both urban and rural
communities, generating and discharging large volumes
of wastewater with high concentrations of linear alkylben-

zene sulfonates (LAS) [1-4]. As is known, laundry activities try [5-10]. The discharge of such wastewater without prior
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treatment may cause environmental pollution by LAS.

In the environment, LAS is a persistent organic pollutant
that is difficult to degrade and thus tends to accumulate
at high concentrations [1-10]. In aquatic ecosystems, LAS
exhibits toxic effects on living organisms, disrupting bi-
ological cycles and ultimately leading to environmental
damage[1-10]. Humans accidentally consuming food or
beverages contaminated with LAS, even at low concentra-
tions, may experience nausea, vomiting, and other health
problems [9, 10]. Therefore, reducing LAS concentrations
in laundry wastewater is of critical importance.

The removal of LAS from laundry wastewater has been
reported to be effectively achieved by degradation into
smaller molecules using the photo-Fenton method [7, 8].
Photo-Fenton process is a type of advanced oxidation pro-
cess (AOP) in which hydroxyl radicals (-OH) are produced
through the reaction of the dissolved Fe(II) ions with hy-
drogen peroxide (H,O,) under UV irradiation, which is
also known as homogeneous photo-Fenton. The reaction
taken palce in the homogenous photo-Fenton are presented
as reactions (1-3) [7, 8, 11-32]:

Fe** + H,0, — Fe3* + 'OH + ~“OH 1)
Fet + Hy,0, — Fe?t 4+ 'O,H+H* )
H,0, + light — 2'OH )

Hydroxyl radicals (-OH) exhibit an exceptionally high
oxidation potential (E°) as high 2.8 V [12-14, 18], underscor-
ing their strong oxidizing activity. Commonly referred to as
the homogeneous photo-Fenton process, this technique is
well known for its remarkable oxidative efficiency [11-32].

In addition to oxidizing As(III) to As(V) [15] and Pb(II)
into Pb(IV) [16], hydroxyl radicals in the photo-Fenton
process can degrade various stable organic compounds [11-
13], enabling them to be widely applied in the degradation
of toxic organic pollutants including anionic surfactant
such as LAS [7, 8], dyes [12], antibiotics [13], p-nitrophenol
[14], and pharmaceuticals residual [17].

The homogeneous photo-Fenton process exhibits opti-
mal performance at approximately pH 3 [3, 7, 8, 11-32]. At
higher pH values, its efficiency decreases markedly due to
the formation of Fe(OH)3 precipitates. These precipitates
limit the interaction between the Fenton reagents (Fe?t
and H;0O;) and light, thereby reducing the generation of
hydroxyl radicals [3, 7, 8, 11-32].

Since laundry wastewater generally has a pH ranging
from 5 to 7, or near neutral pH [2, 3], the homogeneous
photo-Fenton method is found to be less effective for treat-
ing wastewaters [3, 8, 15, 16] [3, 8, 15-16]. Moreover, the
large amounts of Fe(OH)s3, precipitate produced in the ho-
mogeneous photo-Fenton process, generate sludge as sec-

ondary waste, creating additional environmental problems
[13,17-32].

Considering its high efficiency in organic pollutant re-
moval and its relatively simple process, enhancing the per-
formance of photo-Fenton at near-neutral pH is essential.
One approach is to replace soluble Fe?* ions with solid iron
oxide catalysts that can generate hydroxyl radicals over a
wider pH range and have high chemical stability [12-32].

The solid iron-based catalysts previously studied for
heterogeneous photo-Fenton processes include amorphous
and crystalline iron oxides [18], magnetite (Fe3O4) [20],
and several iron oxides synthetic [21], prepared from com-
mercial iron have been reported. However, the catalytic
efficiency of iron oxides remains unsatisfactory due to the
aggregation and agglomeration of iron oxide nanoparticles
leading to lower surface area [13]. An effective solution
to conquer this problem is by immobilizing iron oxides on
various supports such as SiO, [22], silica gel [23], ZSM-5
type synthetic zeolite [24], and biochar [25], have also been
explored. The iron oxides and supporting solids are typi-
cally prepared from commercial salts, which are costly and
consequently contribute to the high operational expenses
of the heterogeneous photo-Fenton process application.

To address this weakness, natural iron-based materials,
including pyrite (FeS;) [26], chalcopyrite (CuFeS;) [27],
clays [28], kaolin [29], and halloysite [30], have been inves-
tigated as alternative catalyst supports. Yet, the limited
availability of sulfide minerals and clays may constrain
their practical applicability. A more promising alterna-
tive lies in the direct use of the support of iron-containing
wastes, such as sludge from dyeing processes [31] and
iron rust [32], which are both cost-effective. Among these
options, iron rust is particularly advantageous due to its
greater abundance and environmentally benign nature.

Iron rust is an iron oxide compound formed from the
oxidation of metallic iron materials in humid air. The forma-
tion of rust leads to the iron-based materials being fragile
or damaged, rendering them unusable and eventually dis-
carded as waste [32-35]. In the environment, rust waste
may diminish aesthetic value, lack economic benefit, and
may even trigger tetanus infections in open wounds [33—
35]. The utilization of rust, whose primary component
is FepO3, has previously been reported, for instance, as a
dopant source to enhance TiO; activity under sunlight [33—
35] as well as a magnetite (Fe3O4) precursor for making
TiO, recoverable [35]. Moreover, the use of iron rust as
a source for synthesizing an iron oxide catalyst in hetero-
geneous photo-Fenton processes has been demonstrated,
particularly in the decolorization of Acid Red 97 [32]. In
that study, rust was firstly dissolved to obtain Fe(III) ions,
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which were subsequently precipitated with hydroxide ions
from a basic solution and then calcined to form iron ox-
ide (FexOy) nanoparticles. This is not facile process and
the influence of drying or calcination temperature was not
investigated. In practice, these thermal conditions play a
crucial role in determining the structural characteristics,
optical properties, and catalytic activity of the resulting
iron oxides [36—41].

Under the circumstance, this present study proposes
the development of a heterogeneous photo-Fenton process
employing iron rust waste as a solid catalyst to enhance the
degradation efficiency of LAS in laundry discharge under
near-neutral pH conditions. The rusty waste is directly
utilized as a catalyst, offering a more practical approach
that can be heated at either low or high temperatures. Heat
treatment at different temperatures is intended to examine
its influence on the physicochemical properties, which are
expected to enhance the catalytic activity. This strategy also
experiences in a modest way without further treatment or
complexes chemicals required, unlike the previous report,
which requires several methods as special treatment in
utilizing iron rust source [32, 42]. Hence, this strategy leads
to applying the principle of green chemistry, that are reduce
the use of chemicals and additives.

Furthermore, these heterogeneous photo-Fenton exper-
iments are conducted under varying operational parame-
ters, including hydrogen peroxide concentration, catalyst
dosage, solution pH , and irradiation time, in order to iden-
tify the optimum condition for effective LAS degradation,
that can be useful as a guide for the actual application in
the future.
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Fig. 1. (a) FTIR spectra of the original rusty waste
correspond to the main functional group existed in the
rusty sample, (b) XRD patterns of the dried and calcined
rusty waste indicate the phase transformation of iron

minerals

2. Experimental section

2.1. Research Materials

The materials used in this study include sodium dodecyl
benzene sulfonate (SDBS) powder, iron(Il) sulphate hep-
tahydrate (FeSOy - 7H,O) powder, 30%w /w hydrogen per-
oxide (HyO,) solution, chloroform, and methylene blue
powder. These materials were produced by Merck with
pro-analysis grade quality and used without purification.
The laundry wastewater was collected from one of the laun-
dry services in Yogyakarta region, and the iron rusty waste
was taken from the rusted iron of a damaged fence at UGM
campus. A reactor set equipped with a Himawari UV lamp
(A = 330 — 380 nm, power = 36 W) was employed for
conducting the photo-Fenton process.

2.2. Research procedures
2.2.1. Analysis and characterization of the iron rusty waste

The iron rusty waste that has been cleaned and milled
into 200 mesh, was calcined at 450 °C for 2 hours, and
the other variation was only heated at 100 °C for 2 hours.
The calcined powder then was characterized using X-Ray
Diffraction (4 kW with SAX and Thin Film Metrology) to
identify the iron oxide typed, Fourier Transform Infrared
(FTIR) spectrophotometer (Shimadzu Prestige 21) to detect
the functional groups, X-Ray Fluorescence (Spectro Xepos
XRF) to determine the content of the iron present, UV-Vis
Diffuse Reflectance Spectroscopy (UV-Vis DRS) (UV-2401
Series) to find the band gap energy, and a Scanning Electron
Microscope (Electron Probe Microanalyzer JXA-ISP 1000)
to observe the morphology.

2.2.2. Analysis of laundry wastewater

The freeze-dried laundry wastewater sample was pelleted
with KBr and then analyzed using FTIR. Further procedure
of laundry wastewater in this experiment is enclosed in
Supplementary materials.

2.2.3. Degradation of LAS using iron rusty waste in heterogeneous
photo-Fenton

The wastewater (10 mL) was placed in 5 beaker glasses,
and the solution pH was adjusted to be 7. Into each glass
was added 110 mg of the rusty iron and 10 mL of 250
mmolL1H,0,. Next, the mixture in the beaker glasses
were irradiated by a UV lamp for 60 minutes along with
constant magnet stirring. When the process finished, the
mixtures were filtered to get the clear solutions and then
were analysed to determine the concentration of the un-
degraded LAS following the procedure described above.
Further procedure for optimization are also conducted and
explained in Supplementary section.
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2.2.4. Determination of COD values

The laundry wastewater sample was measured the COD
value in a bid to the existing procedure of environmen-
tal protection agency (EPA) method 410.3. The detailed
procedure is attached in Suplementary section.

3. Results and discussion

3.1. Analysis and characterization of the iron rusty waste
3.1.1. XRF data

The chemical composition of the rusty waste obtained from
XRF analysis demonstrates that iron is the predominant
element (51.50%w), which is similar to the data reported
previously [34, 35]. Additionally, trace impurities of Cu
(0.18 % w) and Zn (0.12 %w) are also detected, likely origi-
nating from environmental corrosion of the primary metal
surface [33-35]. The other components (48.20 %w) unde-
tectable by XRF method should be organic compounds,
which are verified using an FTIR instrument.

3.1.2. FTIR data

FTIR analysis was conducted to confirm the presence of
organic compounds in the rust waste, and the FTIR spec-
tra is displayed in Fig. 1(a). In the spectra, absorption
bands were observed at 470, 547, 1026, 1620, 2854, 2924, and
3433 cm 1. The band observed at 547 cm~! corresponds to
Fe — O stretching vibrations in hematite (« — Fe;O3) [32,
34, 35], while the absorption at 476 cm ! can be attributed
to Fe — O bonds in goethite (FeOOH) [34, 35]. In addition,
several absorption bands (Supplementary section) were
also detected to reflect the existence of organic compound
that might be associated with the rust waste, the give evi-
dence the assumption that addition of rusty waste has not
free from organic compounds thus the iron composition of
that cannot be a hundred percent.

3.2. Effect of the thermal treatment on the properties of
iron oxide characters

3.2.1. Composition and crystallinity

The XRD pattern in Fig. 1(b) shows that the rust heated
at 100 °C exhibits broad and less well-defined diffraction
peaks with an irregular baseline and low intensity, whereas
the rust heated at 450 °C displays sharper peaks with
higher intensities. This indicates that at lower tempera-
tures, the rusted material remains semi-crystalline, while
higher crystallinity is achieved through calcination at ele-
vated temperatures. In the diffraction pattern of the sam-
ple heated at 100 °C, distinct peaks appear at 26 values
of 30.01°, 35.45°, 57.14°, and 62.8°, which correspond to
Fe304 (magnetite) with Miller indices (022), (113), (115),
and (044), respectively, as listed in ICDD 96-900-5838 [18,

25, 32]. Additionally, peaks observed at 26 values of
21.08°, 33.10°, and 41.93° are consistent with « — FeOOH
(goethite), with Miller indices (101), (301), and (401), in
agreement with ICDD 96-100-8767 [18, 32, 35, 39, 43]. These
results clearly confirm the presence of a mixed-phase com-
position in the rusted iron heated at 100 °C.

Meanwhile, in the XRD pattern of the rusty waste cal-
cined at 450 °C, peaks are observable at 20: 24.07°; 33.09°;
35.55°; 40.78°; 49.41°; 54.02°; 62.38°; 63.99°. The observed
diffraction peaks can be unequivocally attributed to a single
phase of « — Fe;O3 (hematite), corresponding to the Miller
indices (012), (104), (110), (113), (024), (116), (214), and (030),
as documented in the ICDD database (96-9000140) and re-
ported [18, 23, 29, 32, 34, 35, 3941, 43, 44].

It is clearly shown that high-temperature calcination
induces the phase transformation of goethite and magnetite
into hematite, in accordance with the following reaction
equations (6-7):

2FeOOH — Fe; O3 + H,O 6)
1
2Fe304 + EOQ — 3Fe, O3 7)

3.2.2. Morphological evaluation

Scanning Electron Microscopy (SEM) characterization was
conducted to examine the differences in surface morphol-
ogy of iron rust waste dried at 100 °C and 450 °C. As shown
in Fig. 2, the sample dried at 100 °C exhibits an agglom-
erated structure with indistinct shapes, which indicates a
semicrystalline nature. In contrast, drying at the elevated
temperature of 450 °C results in the formation of larger
agglomerates with more clearly defined boundaries, sug-
gesting the development of a crystalline phase [18]. These
morphological observations are in good agreement with
the XRD results, thereby confirming the phase evolution.

Fig. 2. The morphological features of the rusty waste
heated at (a) 100 °C, and (b) 450 °C depict the structural
alteration after thermal activation

3.2.3. UV-Vis DRS data

The spectra of UV-Vis DRS of both rust thermally treated
at 100 and 450 °C, are displayed in Fig. 3, which is further
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used to determine the band gap energy (Eg) of the iron
oxides.
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Fig. 3. (a) UV-Vis DRS spectra and (b) Tauc Plot of both
rusty waste heated at 100 and 450 °C to evaluate and
determine the band gap energy for the rusty wate as a
heterogeneous catalyst in photo-Fenton process

The spectral data were analyzed using the Tauc plot
method to determine the band gap energy (Eg), with the
results presented in Fig. 3(b) Table 1S. As shown in the table,
the mixture of goethite and magnetite obtained from heat-
ing iron rust at 100 °C exhibits a slightly larger band gap
energy (Eg=2.17 eV) compared to the sample calcined at the
higher temperature of 450 °C (Eg = 2.06 eV), which corre-
sponds to pure hematite. It is worth noting that « — FeOOH
possesses a larger band gap (2.1-2.8 eV [18, 43], compared to
that of Fe30y (0.1-0.2 eV) [18] and a« — Fe;03(2.0 — 2.4 eV)
[18, 40, 43].

Upon heating at 100 °C, the material, which consists
of a mixture of goethite and magnetite, exhibits a band
gap higher than that of magnetite or hematite, indicating a
significant contribution from goethite. At this lower tem-
perature, the crystal structure remains incompletely de-
veloped, with OH bonds still present in goethite, thereby
widening the effective band gap [18, 43]. In contrast, cal-
cination at 450 °C produces single-phase hematite with
enhanced crystallinity and stability, resulting in a narrower
band gap of 2.06 eV. This value is consistent with that of
pure hematite [18, 40, 43]. The lower band gap of Fe;O3
obtained at 450 °C compared to FeOOH + Fe30, at 100
°C is mainly due to phase transformation into hematite
(« — FepO3), improved crystallinity, removal of hydroxyl
groups, and reduced quantum confinement effects. These
structural and electronic changes make electron transitions
easier, lowering the band gap energy [18, 43].

These findings suggest that rusty iron waste heated at
both low and high temperatures exhibits semiconductor
characteristics, making it a potential candidate for photo-
catalytic applications.

3.2.4. Effect of thermal treatment on the surface parameters

Fig. 4(a) shows that the isotherm curves of iron rust waste,
both dried at 100 °C and calcined at 450 °C, correspond
to type IV with an H3 hysteresis loop [18, 36, 45]. This
indicates that the iron rust is a mesoporous material, char-
acterized by pores with diameters ranging from 2 to 50
nm [36, 45], typically exhibiting slit-like or plate-shaped
structures [45].
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Fig. 4. (a) BET (Breuner Emmet Teller) Nitrogen
adsorption isotherms, (b) pore size distributions of both
iron rusty waste catalyst heated at 100 and calcined at 450
°C to evaluate the surface character of iron rusty waste
catalyst

In addition to the adsorption-desorption isotherm
curves, the pore size of the iron rust samples can also be
analyzed from the Barrett-Joyner-Halenda (BJH) pore size
distribution curves, as shown in Fig. 4(b). The pore size
distribution of iron rust waste dried at 100 °C appears nar-
rower, more homogeneous, and smaller, with an average
size of approximately 4 nm. In contrast, the sample calcined
at 450 °C exhibits a broader and more heterogeneous pore
size distribution ranging from 3 to 30 nm, predominantly
centered around 20 nm. Heating at 100 °C is sufficient only
to remove the residual water trapped within the material,
resulting in relatively small and uniform pores [31, 36, 39].
This narrow distribution is also attributed to the absence
of sintering or grain growth processes at such a low tem-
perature. Conversely, calcination at 450 °C promotes crys-
tallization and sintering, during which particles begin to
coalesce. This process partially closes smaller pores while
simultaneously generating larger ones, thereby producing
a wider pore size distribution with a dominant larger pore
size [39].

From the BET analysis, the surface area, pore volume,
and pore diameter were obtained and are presented in Ta-
ble 1S. It can be observed that iron rust heated at 100 °C
exhibits smaller surface area, pore volume, and pore diam-
eter compared to the sample calcined at 450 °C. At 100 °C,
the material consists of a semicrystalline mixture of FFOOH
and Fe3O4, which tends to aggregate and form dense clus-
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ters, thereby reducing the number of accessible pores as
reflected in the lower pore volume. The incomplete dehy-
dration and structural transformation at this low tempera-
ture result in a less porous morphology and consequently a
smaller effective surface area [31, 36-38, 45, 46]. Meanwhile,
heating at 450 °C leads to complete dehydration of FFOOH
and transformation of Fe3Oy into crystalline Fe;O3. During
calcination, the removal of hydroxyl groups and structural
rearrangement generate more open pores and channels,
yielding larger pore diameters and pore volumes. Despite
the higher crystallinity, the particles are more effectively
separated, reducing aggregation and enhancing porosity,
which ultimately results in a greater specific surface area
[31,36-38, 45, 46].

3.3. Rusty catalyst test in the LAS photodegradation
3.3.1. Effect of thermal treatment of the catalyst on its activity
The catalytic activity of heated iron rusty waste in the pho-
todegradation of LAS from laundry wastewater with an
initial concentration of 119.18 mgL_l, is displayed in Fig. 5.
It can be observed that the catalyst heated at a higher tem-
perature exhibits greater photodegradation efficiency com-
pared to that treated at a lower temperature (Fig. 5(a)).

PN

80 — 80

450 °C

& / T - 50 Heterogenous

40 /] 40

LAS photodegradation (%)
LAS photodegradation (%)

20 20 Homogenous

0
o 1 2 3 4 5 6 7 8 9 10
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[} 20 40 60 80 100 120 140

Fig. 5. (a) The effect of the thermal treatment on the
catalyst activity under certain time exposure. It indicates
the optimum reaction time of both calcination temperature
variations is at 60 min. (b) The influence of solution pH on
the LAS photodegradation was assessed using a
heterogeneous and homogenous photocatalyst system
during the photo-Fenton process

3.3.2. Mechanism of iron rusty waste as a heterogeneous photo-
catalyst in the photo Fenton process
The photodegradation obviously takes place through hy-
droxyl radicals attacking the organic molecules [1-18].
The formation of OH radicals in the heterogeneous photo-
Fenton results from several reactions, as follows: i) between
iron oxide, commonly presented as = Fellll) _ OH, with
H,0, (see reactions 8-10) [18, 19, 21, 29], ii. Between H,O,
with light (see reaction 3) [3, 7, 11, 12, 14-17, 25] and iii)
between iron oxide that also acts as a photocatalyst with
light (see reactions 11-13) [13, 18, 24, 30]. In reaction (9),

-O,H radicals are also generated, which exhibit weaker
oxidizing activity compared to OH radicals [11].

= Fe!) — OH + H,0, — |=Fe™) — OH + H,0,
S

— =Fe) . O,H+HT (8)
— Fe(ID -0:H—Fel)+-0,H ©)
=Fe) + H,0, »=Fe) — OH + -OH (10)
Fe,O; + light — Fe,O3 (hT +e7) (11)
ht +H,0, - H" +.OH (12)
e +02 =0y (13)

This data trend above is consistent with the correspond-
ing values of band gap energy (Eg), surface area, pore vol-
ume, and pore diameter. With a band gap energy of approx-
imately 2 eV, corresponding to a wavelength of about 600
nm in the visible light region, iron oxide as a photocatalyst
can act as a semiconductor photocatalysts. This material is
characterized by a valence band filled with electrons and
an empty conduction band, separated by an energy gap
known as the band gap energy (Eg). When this material
is irradiated with UV or visible light, electrons are excited
from the valence band into the conduction band, leaving
behind holes in the valence band. These holes can react
with hydroxide ions (OH ™) derived from water molecules
to generate highly reactive hydroxyl radicals (-OH). At the
same time, the excited electrons in the conduction band
can be captured by dissolved oxygen, forming superox-
ide radicals (-Oy). This sequence of processes is illustrated
schematically in Fig. 6 [2, 5, 6, 33-35].

Fig. 6. Schematic mechanism on semiconductor

photocatalyst structure and hydroxyl radical formation

A lower Eg enables the photocatalyst to absorb light
more effectively, thereby generating a larger number of hy-
droxyl radicals responsible for degrading LAS molecules.
Furthermore, photocatalysts with larger surface areas and
higher pore volumes provide more active sites for pollutant
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adsorption, which subsequently enhances their degrada-
tion efficiency [11, 13, 18, 31, 36]. The radical formation is
also a result of the dissociation of HyO, by light exposure,
as seen in reaction (3).

To specifically distinguish the contribution of con-
stituents in the photo-Fenton process, this research was
also completed with additional experiments varying sev-
eral parameters, as shown in Fig. 7.

100 {

Photodegradation efficiency (%

0 20 40 60 80 100 120

Reaction time (min)

Fig. 7. Photodegradation efficiency of LAS in variations of
parameters (a) LAS and iron rusty waste without UV
illumination. (b) LAS with UV illumination only. (c) LAS
and rusty waste with UV illumination. (d) LAS, rusty
waste, HyO, controlled in pH 5 (e) LAS and H,O, with UV
illumination. (f) LAS, HyO,, rusty waste, and UV
illumination. All experiments are conducted using stirring
for 60 min

According to these experiments, it can be seen clearly
the contribution of each constituent. At first experiment
(a), the presence of rusty waste that dominantly contained
Fe,O3 could not produce the radicals as the fuel of the
photo-degradation process. Thus, the percentage efficiency
is very small. Some of the reduction of LAS concentration
might be due to the possibility of adsorption on the Fe,O3
surface. Then, the presence of UV itself may actually break
the organic molecules, including LAS, in the photolysis
process (b). However, its efficiency is very low; without ad-
ditional oxidizer, the OH from water photolysis inherited
by the system remains limited. The combination with rusty
waste and UV illumination (c) induces the photodegrada-
tion efficiency as UV could excite the electrons in Fe;O3,
resulting in a hole to further oxidize water become OH rad-
ical. Even though that, the Fe;O3 has a high recombination
degree, thus the excitation power for an electron remains
low. Hence, the study of HyO, through this system is eval-
uated in (d), which shows the substantial increase in LAS
photodegradation efficiency. The decomposition of H,O,

itself can form the OH radicals aiding effectively by UV
illumination (e). Furthermore, by employing Fe,O3 rusty
waste, it became a heterogeneous catalyst that provides
active sites for the Fe3t /Fe? ™ cycle (f). In this case, the UV
illumination helps to boost the reduction process of Fe3™
to Fe?", thus ensuring the continuation of the Fenton cycle,
and it can directly break the H,O, oxidant into OH radical
through the photolysis process. Hence, in the last system,
it has two ways of radical formation. First, from the direct
photolysis of HyO, by UV illumination. Second, the Fenton
reaction is strengthened by the photoreduction of Fe>. Tt
anticipated the eminent mechanism in comparison with
the conventional photo-Fenton process, as it offers more
OH radicals and fast Fe?" regeneration, thus preventing
the bottleneck in Fenton cycles, ensuring the effectiveness
of the Fenton process to generate the radicals.

3.3.3. Effect of Irradiation Time

As also illustrated in Fig. 6, the degradation of LAS pro-
gressively increases with the extension of reaction time,
attaining its maximum efficiency at 60 minutes. This be-
havior can be attributed to the progressive generation of
hydroxyl radicals and their increasingly effective interac-
tion with LAS molecules. However, extending the reaction
time beyond this optimum slightly decreases the degra-
dation efficiency, which may be due to catalyst surface
saturation that limits further OH radical formation. Addi-
tionally, prolonged exposure may promote recombination
of intermediate radicals, thereby reducing the overall num-
ber of active OH radicals available for LAS degradation [3,
7,8,11,12,14-17,20-22, 24, 27-31].

To gain detail investigation, the data on the influence of
the irradiation time was also processed to study the kinetic
models. Based on the data presented in the Supplementary
materials (Fig 15), it is well-accepted that iron rusty waste
obeys the pseudo-first order, as it yields the greatest R?
value. Both the photo-Fenton process that uses iron rusty
waste catalyst heated at 100 °C or calcinated at 450 °C
follow the pseudo-first order. This behavior was relevant
to the common photo-Fenton process in previous results
[47-49]. It tends to imply that during the photo-Fenton
process, using rusty waste photo-catalyst depends only
on the pollutant concentrations, since the OH radicals are
excessive. According to the slope in Fig 1S for pseudo-
first order kinetic fitting, the k (kinetic constant variable)
is 0.0527 min~! and 0.0243 min~! for high temperature
calcination and low temperature calcination of iron rusty
waste, respectively. Further discussion regarding effect of
irradiation time is found in Supplementary materials.
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3.3.4. Effect of pH

Fig. 5(b) illustrates the photodegradation of LAS through
both homogeneous and heterogeneous photo-Fenton pro-
cesses at different pH values. The figure shows that in the
homogeneous photo-Fenton process, LAS degradation is
less effective under highly acidic conditions. The efficiency
reaches its maximum at pH 3 and decreases progressively
with increasing pH. Some papers reported similar findings
[8,11,12, 14-17].

At pH values below 3, the excessively acidic envi-
ronment promotes the formation of stable complexes
of iron ions (FezJr / Fe3+> , such as [Fe (HyO) 6]2+ and

[Fe (HZO)6]?’Jr which limits their participation in the cat-
alytic cycle [8, 11, 12, 14-17]. Moreover, hydrogen peroxide
(H20;) becomes more stable under these conditions, as
the high proton concentration (HT) suppresses its decom-
position into water and oxygen [8, 11, 12, 14-17]. Con-
sequently, fewer hydroxyl radicals (-OH) are generated,
reducing the overall degradation efficiency. An increase
in pH up to 3 maintains Fe?* in a soluble and active state,
allowing efficient cycling between Fe?t and Fe®' under
UV /visible irradiation [8, 11, 12, 14-17]. Consequently,
hydroxyl radicals are generated at the highest rate, leading
to maximum LAS degradation. At this pH, both iron solu-
bility and H,O; stability are optimally balanced [8, 11, 12,
14-17], ensuring effective radical production. However, at
pH values above 3, Fe3T ions tend to precipitate as ferric
hydroxide [Fe(OH)3], thereby reducing the availability of
soluble Fe? T /Fe3t species for the catalytic cycle [11, 15-17].
This precipitation diminishes the concentration of active
species and lowers hydroxyl radical generation, ultimately
rendering the photo-Fenton process less effective in LAS
degradation. Further discussion regarding effect of pH is
found in Supplementary materials.

3.3.5. Effect of HyO, Concentration

As shown in Fig. 8(a), increasing the HyO, concentration
up to 250 mmolL~! enhances LAS degradation, primarily
due to the greater formation of hydroxyl radicals (-OH).
However, beyond this concentration, the degradation effi-
ciency decreases because excess HyO; acts as a scavenger
of -OH radicals, leading to the formation of less reactive hy-
droperoxyl radicals (HO;) [8, 11, 12, 14-17], as illustrated
in reaction (14). Previous reports obtained a similar data
trend [8, 11, 12, 14-17]. The determination of HyO, is really
important to ensure the effectiveness of the photo-Fenton
process using a heterogeneous catalyst. Since the photo-
Fenton reaction is applied for treating wastewater with
massive loads of contaminants, it needs the external addi-
tion of large amounts of HyO,. The optimization of HyO,

dosage can reduce the operational cost of photo-Fenton,
which will increase the efficiency of photo-Fenton process
[50]. Thus, in this research, the relatively high amount of
H,0; is based on several experiments to gain the optimum
condition and efficient photo-Fenton process.
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Fig. 8. Influence of (a) the H,O, concentration and (b)
catalyst dose, on the 10 mL LAS photodegradation using
rusty waste at 6 g L™}

H,0, + OH — H,0 + HO; (14)

The detailed explanation is deliverd in Supplementary

section.

3.3.6. Effect of Catalyst Dosage

Figure 8(b) illustrates the influence of catalyst dosage,
showing that increasing the catalyst amount enhances LAS
photodegradation, with maximum efficiency achieved at
6 g L1 of rusty waste as Fe,O3, corresponding to an Fe
dosage of 0.75 mmolL~! or 2830 mgL~!. This trend data
is consistent with findings reported in previous studies
[19-22, 24-29, 31]. The increase in catalyst mass provides a
greater number of active sites and promotes the generation
of additional hydroxyl radicals (-OH), thereby facilitat-
ing more effective LAS degradation. However, when the
dosage exceeds the optimum level, the opposite trend is ob-
served. This decline in efficiency is attributed to increased
turbidity, which reduces UV light penetration and conse-
quently limits hydroxyl radical (-OH) generation. Further
discussion regarding catalyst dosage and COD analysis are
found in Supplementary materials.

4. Conclusion

The research results conclude that the heterogeneous photo-
Fenton process using a rust-based catalyst is more effective
for LAS photodegradation at near-neutral pH (5-7) com-
pared to the homogeneous photo-Fenton process. Rusty
waste heated at 100 °C was found to consist of a semicrys-
talline mixture of FeOOH and Fe3O,4, which transforms
into single-phase crystalline Fe,O3 upon calcination at 450
°C. The material calcined at 450 °C exhibits a lower band
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gap energy (Eg), along with a larger surface area, pore vol-
ume, and pore diameter than the sample treated at 100
°C. In line with these enhanced physicochemical proper-
ties, the 450 °C calcined rusty waste demonstrates superior
photocatalytic performance in degrading LAS compared
to the 100 °C treated material. The optimum conditions
for heterogeneous photo-Fenton catalysis using Fe;O3 de-
rived from rusty waste calcined at 450 °C were achieved
with a catalyst dosage of 6 g L™, H,O, concentration of
250 mmolL. "1, reaction time of 60 minutes, and pH 6. Un-
der these conditions, a photodegradation efficiency of 95%
was obtained for 119.08 mgL~! LAS in 50 mL of laundry
wastewater.
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