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Abstract
Industrial wastewater treatment remains a pressing challenge owing to the coexistence of hazardous heavy metals and per-
sistent organic dye contaminants that resist conventional remediation approaches. In this work, a fibrous silica iron (FSFe)
catalyst was successfully incorporated with metal oxides (AgO, ZrO2) via a microemulsion-assisted electrolysis method,
leading to a uniform dispersion of the metal oxides across the fibrous framework. Among the synthesized composites,
AgO/FSFe exhibited superior photocatalytic activity in dual removal of hexavalent chromium (Cr(VI)) and methyl orange
(MO) compared to that of ZrO2/FSFe and pristine FSFe. Structural characterization confirmed the successful formation of
Si–O–M bonds in AgO/FSFe and the electron transfer from AgO to FSFe, indicating strong interfacial interactions. This
improvement results from an oxidative shift in the conduction and valence bands, which enables optimal band alignment and
a stable p–n heterojunction structure, thereby minimizing electron–hole recombination, as supported by photoluminescence
(PL), electrochemical impedance spectroscopy (EIS), andMott–Schottky analyses. Scavenger experiments revealed that pho-
togenerated electrons were the main contributors to Cr(VI) reduction, whereas ·OH radicals dominated MO degradation.
Under optimized conditions (pH 3, catalyst dosage 0.25 g L−1, initial concentrations of 20 mg L−1 Cr(VI) and 10 mg L−1

MO), the 10AgO/FSFe catalyst achieved simultaneous removal efficiencies of 64.37% for Cr(VI) and 99.45% for MO while
maintaining its performance over five successive cycles, outperforming the photolysis and single-pollutant systems. Further-
more, the catalyst demonstrated versatility by effectively degrading additional organic dyes. This structure enhances charge
separation and enables the simultaneous removal of heavy metals and organic pollutants, establishing AgO/FSFe as a durable
and sustainable wastewater photocatalyst.
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1 Introduction

Water pollution remains an urgent and escalating envi-
ronmental issue, intensified by anthropogenic activities,
especially industrialization, that discharge complex pollu-
tants, such as heavy metals and organic compounds, into
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aquatic ecosystems. Industrial effluents, particularly from
leather tanning, electroplating, paper manufacturing, textile
dyeing, and metal finishing industries, frequently contain
contaminants of emerging concern (CECs) such as hexava-
lent chromium (Cr(VI)) and methyl orange (MO) [1–4].
Inadequate treatment and improper disposal of these pollu-
tants in non-compliance with water quality standards present
serious risks to aquatic organisms and hinder water purifica-
tion efforts. The pronounced harmfulness of both pollutants
in water systems contributes to considerable health hazards,
including dermal and ocular irritations, respiratory compli-
cations, and gastrointestinal diseases, while simultaneously
threatening environmental integrity [5–8]. Consequently,
a wide range of remedial approaches, such as biological
treatment [9], electrolysis [10], and adsorption [11], have
been extensively investigated for the concurrent removal of
heavy metals and organic contaminants from wastewater.
Nonetheless, these techniques face significant limitations,
including high operational costs, susceptibility to fouling,
complex post-treatment requirements, and the potential to
produce more complex pollutants than the initial contami-
nants [12–14].

Advanced oxidation processes (AOPs), recognized as a
green chemistry approach, offer mild operating conditions,
high oxidation efficiency, and excellent stability, making
them valuable for the simultaneous removal of multiple pol-
lutants, such as Cr(VI) and methyl orange (MO) [15–18].
In recent years, semiconductor-based photocatalysts such
as titanium dioxide (TiO2), cadmium sulfide (CdS), zinc
oxide (ZnO), and iron oxide (Fe2O3) have been extensively
studied for this purpose [19–22]. However, unmodified semi-
conductors often exhibit poor visible-light absorption and
severe electron–hole recombination, limiting their practi-
cal performance. To overcome these challenges, integrating
semiconductors into fibrous silica frameworks has gained
increasing attention. The fibrous silica morphology, com-
posed of interwoven fibers and small to medium pores,
provides a high surface area, abundant defect sites, and
efficient charge-transfer pathways, enhancing photocatalytic
activity [23–25]. Among these, fibrous silica iron (FSFe)
has shown promise for visible-light-driven simultaneous
reduction of Cr(VI) and degradation of MO, particularly
when assisted by hydrogen peroxide (H2O2) [26]. The
photo-Fenton reactions between H2O2 and Cr(VI) generate
hydroxyl radicals that aid in pollutant degradation; however,
excessive radicals may reoxidize Cr(III), thereby reducing
overall efficiency. Therefore, further modification of FSFe
through band gap engineering and heterojunction formation
is crucial to achieve stable and efficient dual-pollutant reme-
diation.

Doping photocatalysts with metal oxides onto suitable
supports has proven to be an effective strategy for enhanc-
ing photocatalytic efficiency [27–29]. Our research group

has developed several fibrous silica metal oxide photocat-
alysts using electrochemical and wet impregnation meth-
ods, demonstrating excellent potential for pollutant removal
[30–32]. For example, fibrous silica zirconia (FSZr) modi-
fied with silver oxide (AgO) or zinc oxide (ZnO) exhibited
superior performance in reducing Cr(VI) and degrading
organic pollutants through type I and p–n heterojunction
formation, respectively [30, 32]. Constructing heterojunc-
tions with stable metal oxides such as AgO and ZrO2 is
particularly promising, as their tunable electronic structures
and strong oxidation potentials contribute to durable photo-
catalytic activity. In general, p–n heterojunctions generate
strong internal electric fields that enhance charge separa-
tion, while n–n heterojunctions depend primarily on band
alignment [11, 28, 33–35]. However, limited studies have
compared these systems beyond interfacial charge behav-
ior. Despite significant progress, most band gap engineering
research still targets single-pollutant systems dominated by
photooxidation at the valence band, with minimal attention
given to photoreduction at the conduction band [36–40]. This
issue is critical since Cr(VI) reduction to Cr(III) remains
challenging due to its high redox potential and aqueous sta-
bility [41]. Therefore, understanding how band alignment
and oxidative band gap modulation influence both photore-
duction and photooxidation is crucial for developing efficient
dual-pollutant remediation systems.

Inspired by previous studies, fibrous silica iron (FSFe)
composites doped with various metal oxides (AgO, ZrO2)
were systematically synthesized to tailor band alignment,
facilitate efficient charge transfer, and suppress electron–hole
recombination. This study emphasizes the significance of
investigating pH-dependent behavior under multi-pollutant
conditions while evaluating pollutant concentrations and
radical scavengers to elucidate the photocatalytic removal
mechanisms of Cr(VI) and MO, relying solely on catalyst
modification without the use of additional solvents. The
developed system demonstrates the potential of FSFe-based
photocatalysts as an effective and sustainable platform for the
simultaneous removal of heavy metals and organic contami-
nants.Despite extensive researchonphotocatalyticmaterials,
no prior study has comprehensively explored the synergistic
influence of oxidative band gap shifts on the remediation of
dual pollutant. Addressing this gap, the present work intro-
duces oxidative band alignment engineering as a strategic
approach to achieve balanced photooxidation and photore-
duction processes, thereby advancing the design of efficient
photocatalysts for real wastewater treatment applications.
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2 Experimental

2.1 Materials

Butanol (C4H10O), cetyltrimethylammonium bromide
(CTAB, C19H42BrN), toluene (C7H8), and tetraethyl
orthosilicate (TEOS, SiC8H20O4) were supplied by Merck
(Darmstadt, Germany). Urea (CH4N2O), iron (III) oxide
(Fe2O3), potassium carbonate (K2CO3), potassium chlorate
(KClO3), and sodium hydrogen carbonate (NaHCO3) were
obtained from Sigma-Aldrich (St. Louis, USA). The silver
(Ag), zirconium (Zr), platinum (Pt) plates were obtained
fromNilacoMetal (Tokyo, Japan). The tetraethylammonium
perchlorate, TEAP (C8H20ClNO4), was used as electrolyte
and prepared according to previous literature [42]. For the
target pollutants, potassium dichromate (K2Cr2O7) was used
as source of Cr(VI) from Emorg (Selangor, Malaysia), while
MOwas fromQrec Asia (Selangor, Malaysia). Hydrochloric
acid (HCl) and sodium hydroxide (NaOH) from Sigma-
Aldrich (St. Louis, USA) were used as calibration pH for
the pollutants.

2.2 Synthesis of FSFe andm/FSFe Catalysts

The FSFe catalysts were synthesized through a microemul-
sion approach, as delineated by a previous researcher [26].
The procedure commenced with the blending of urea (15 g),
toluene (600mL), CTAB (15 g), and distilledwater (700mL)
homogenously in a 2-L Teflon at ambient temperature. Next,
Fe2O3 (5 g) was used as a source of iron and left mixed
with TEOS for 2 h. The resulting mixture then underwent
microwave-assisted hydrothermal processing at 120 °C for a
duration of 6 h. Following this step, the catalyst was desic-
cated at 110 °C overnight and later subjected to calcination
at 550 °C for 6 h, culminating in the formation of the FSFe
photocatalyst.

The deposition of metal oxides onto FSFe catalysts was
achieved through an electrochemical technique, as outlined
by the previous author [30]. The procedure commenced with
the introduction of a TEAP (0.1M) and distilledwater (2mL)
solution into an electrochemical cell. The electrochemical
cell consists of a Pt and a metal (Ag, Zr) plate as the cathode
and anode electrode, respectively, with constant dimensions
(2 cm × 2 cm). Electrolysis was carried out at a current
density of 120 mA cm−1 under cold temperature (0 °C).
Upon completion, the sample was dried overnight (110 °C)
and subsequently subjected to calcination (550 °C) for 3 h.
This methodology was equally applied in the synthesis of
AgO/FSFe and ZrO2/FSFe photocatalysts, employing Ag
and Zr plates as respective sources. The AgO loading lev-
els were varied at 3, 10, and 15 wt%, producing catalysts
designated as 3AgO/FSFe, 10AgO/FSFe, and 15AgO/FSFe.

2.3 Characterization of Catalysts

The synthesized catalysts underwent rigorous and multi-
faceted characterization to elucidate their structural, mor-
phological, and chemical characteristics. X-ray diffraction
(XRD) was conducted using a Bruker Advance D8 diffrac-
tometer to investigate the crystal lattice and phase composi-
tion of each catalyst with precision. Nitrogen (N2) physisorp-
tion techniques were employed to ascertain the total pore
volume, average pore size, and BET (Brunauer–Emmet-
t–Teller) surface area parameters essential to comprehending
the surface topology of the catalysts. Morphological analy-
sis was performed using Field Emission Scanning Electron
Microscopy (FESEM) on a JEOL JSM-6701F microscope
(Japan), allowing for high-resolution imaging of surface tex-
tures. Fourier transform infrared (FTIR) spectroscopy was
applied using an Agilent Cary 640 spectrometer, aimed at
identifying specific functional groups through the potassium
bromide (KBr) method, spanning a wavenumber interval of
1400–400 cm−1 at room temperature. In this process, the
catalyst and KBr were finely milled in a 0.001:0.1 pro-
portion and compacted into pellets under pressures up to
10 MPa. Furthermore, UV–Vis Diffuse Reflectance Spec-
troscopy (UV–VisDRS)was performedusing aPerkinElmer
spectrophotometer (USA) within the 200–800 nm wave-
length range to determine the material’s optical band gap,
utilizing the Kubelka–Munk (K–M) transformation for pre-
cise band gap analysis. To investigate the electronic and
optical structure of the catalysts’ photoluminescence (PL),
a PTI QuantaMaster™ 60 Fluorescence Spectrophotome-
ter, USA, was used. The sample was sandwiched between
two glass slides and analyzed by the excitation of an Xe
lamp (75 W) in the range of 200–1700 nm at room tem-
perature. Electrochemical impedance spectroscopy (EIS)
and Mott–Schottky analyses were conducted using a three-
electrode system with the photocatalyst-coated FTO glass as
the working electrode, Ag/AgCl as the reference electrode,
and platinumwire as the counter electrode in a 0.5MNa2SO4

electrolyte under dark and illuminated conditions. Lastly,
X-ray Photoelectron Spectroscopy (XPS) was employed to
delve into the electronic structure and oxidation states within
the catalyst by measuring the kinetic energy of electrons
emitted under X-ray exposure, providing valuable insight
into the material’s surface chemistry.

2.4 Simultaneous Photocatalytic Removal of Cr(VI)
andMO

In this investigation, a batch reactor (Fig. S1) was employed,
outfitted with a 400-nmmetal halide lamp that generated vis-
ible light at a photon flux of 13.85 × 10−6 Em−2 s−1 and
a power rating of 36 W. A recirculating cooling apparatus
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Fig. 1 XRD spectra of all synthesized catalysts

was incorporated to uphold a consistent thermal environ-
ment. A catalyst-laden mixture was prepared by combining
it with a 50 mL solution containing Cr(VI) and MO, with
pollutant concentrations ranging from 0.125 to 0.375 g/L
(10–80 mg/L). The pH was meticulously calibrated between
1 and 7 using either HCl or NaOH to condition the solution
for the pollutants. The suspension was stirred under dark
conditions for one hour to establish adsorption–desorption
equilibrium before commencing the photocatalytic process
under light exposure. The reaction proceeded at a constant
25 °C for three hours, with samples collected at 30-min inter-
vals and residual photocatalyst removed by centrifugation.
Following each extraction,UV–Vis spectrophotometry (Cary
60 UV–Vis, Agilent Technologies, USA) was employed
to monitor adsorption bands of MO (508 nm) and Cr(VI)
(345 nm).

3 Results and Discussion

3.1 Characterization

3.1.1 Structures of Crystal and Phase

As shown in Fig. 1, the XRD spectra confirmed the crystal’s
nature and the phases’ purity on all synthesized photocat-
alysts. A broad peak at the 17–28° range was spotted on
all of the synthesized catalysts indicating the presence of

amorphous SiO2 (JCPDS file No. 29-0085). As previously
reported for FSFe, the diffraction peaks of iron oxide inside
FSFe were detected at 2θ = 30.3°, 33.2°, 35.6°, 43.5°,
53.0°, 57.4°, and 63.1° which corresponds to planes (220),
(221), (311), (400), (422), (511), and (440), respectively,
that exist in maghemite phase (γ-Fe2O3) (JCPDS file No.
39-1346) [26]. These iron oxide peaks were present in the
XRD spectra of all 5ZrO2/FSFe and 5AgO/FSFe photocat-
alysts with a slight increment in their intensities indicating
high crystallinity of all synthesized samples. Besides, addi-
tional peaks at 2θ of 30.41° (111), 24.30° (011), and 41.00°
(211) occur inside 5ZrO2/FSFe indicating the presence of
monoclinic ZrO2 (JCPDS card No. 79-1771). Similarly to
the 5AgO/FSFe photocatalyst, it shows additional peaks at
27.65° (110), 32.03o (111), and 45.95° (200) which indi-
cates the presence of AgO (JCPDS file No. 43-1038) which
is in line with the previous researcher who reported on the
electrodeposition of silver nanoparticles [30, 43, 44]. The
crystallite size for all synthesized catalysts was calculated
using theDebye–Scherrer formula and is tabulated inTable 1.

3.1.2 Textural Study

Table 1 compiles the textural properties of all synthesized
catalysts, offering valuable insight into their structural fea-
tures relevant to catalytic performance. The incorporation of
AgO and ZrO2 onto FSFe resulted in a noticeable reduc-
tion in both the BET surface area and total pore volume,
indicating partial pore blockage within the FSFe framework.
This structural alteration is likely associated with the depo-
sition of metal oxides inside the pores of FSFe [30, 31]. This
structural modification is assumed to contribute positively to
the photocatalytic performance, possibly through enhanced
charge carrier separation, improved heterojunction forma-
tion, and facilitated generation of reactive radical species
by the doped metal oxides. It may be inferred that among
the metal oxide-loaded catalysts, 5AgO/FSFe exhibited the
highest BET surface area (346m2 g−1) and total pore volume
(0.69 cm3 g−1) compared to 5ZrO2/FSFe. This observation
is consistent with previous studies reporting that Ag doping
reduces the surface area of α-Fe2O3 nanoparticles, which
suggests that such structural modifications could influence
the accessibility of active sites and, consequently, the overall
catalytic behavior [45, 46].

The N2 adsorption–desorption analysis (Fig. S2) reveals
that all synthesized catalysts displayed an irreversible
Type IV isotherm coupled with an H3 hysteresis loop
(0.4–1.0 P/Po), a hallmark of mesoporous structures featur-
ing slit-shaped pores, in accordance with IUPAC specifica-
tions [23]. A notable decrease in N2 adsorption at elevated
relative pressures was recorded following metal oxide incor-
poration, indicating successful metal oxide integration into

123



Arabian Journal for Science and Engineering

Table 1 Surface and textural
properties of FSFe and metal
oxide-modified FSFe catalysts

Catalyst BET surface areaa (m2 g−1) Total pore volumeb (cm3 g−1) Crystallite sizec (nm)

FSFe 493 0.90 6.93

5AgO/FSFe 346 0.69 6.99

5ZrO2/FSFe 315 0.58 5.58

aCalculated from N2 adsorption–desorption measurements using Brunauer–Emmett–Teller (BET) method at
537K
bCalculated from N2 adsorption–desorption measurements using the non-local density functional theory
(NLDFT) method
cCrystallite size calculated using the Debye–Scherrer formula

Fig. 2 FESEM mapping image of
A 5ZrO2/FSFe and B
5AgO/FSFe. C Particle
distribution of 5ZrO2/FSFe and
5AgO/FSFe. D TEM images of
5AgO/FSFe and D HR-TEM
images for E AgO and F Fe2O3

123



Arabian Journal for Science and Engineering

the FSFematrix, consequently inducing partial pore obstruc-
tion [31, 45]. Pore size distribution, assessed via nonlocal
density functional theory (NL-DFT), corroborated the meso-
porous configuration, in alignment with XRD findings. Each
catalyst exhibited a multimodal pore size distribution with a
distinct peak between 3 and 10 nm, attributed to the meso-
porous framework created through the self-assembly of the
CTAB surfactant during fibrous material synthesis [47].

3.1.3 Morphological Studies

Figure 2A, B presents the FESEM mapping image of the
synthesized 5ZrO2/FSFe and 5AgO/FSFe catalysts. Each
catalyst exhibits a bicontinuous concentric lamellarmorphol-
ogy, confirming that the distinctive FSFe structure remained
intact following metal oxide incorporation [23, 48]. To delve
deeper into the compositional intricacies and spatial dis-
tribution of metal oxides within the fibrous silica matrix,
energy-dispersiveX-ray (EDX)mappingwas employed. The
blue and purple markers signify the presence of Zr and Ag
atoms, respectively. The mapping reveals a uniform dis-
persion of metal atoms throughout the fibrous silica iron
framework. The particle size distributions (Fig. 2C) were
derived from analyzing the areas of 100 individual parti-
cles across the synthesized catalysts, based on the FESEM
imagery. From thedata obtained, the averageparticle sizes for
5ZrO2/FSFe and 5AgO/FSFe were determined to be 805 and
768 nm, respectively. Although 5AgO/FSFe shows a smaller
average particle size compared to 5ZrO2/FSFe, there is no
significant effect on theparticle size after dopingmetal oxides
onto FSFe. However, further investigations were carried out
to understand the positions of metal oxide particles inside
FSFe using a 5AgO/FSFe catalyst in Transmission Electron
Microscopy (TEM) images presented in Fig. 2D. The mor-
phology of FSFe was not significantly altered by the addition
of AgO (dark spot), indicating that the AgO incorporation
process was successful. High-Resolution Transmission Elec-
tronMicroscopy (HR-TEM)measurements of the interplanar
distances of the Fe2O3 and AgO elements are 0.26 nm and
0.23 nm, respectively. These findings further supported the
presence of these elements on 5AgO/FSFe (Fig. 2D, E) with
the highest peak in XRD spectra for 5AgO/FSFe which indi-
cates the plane of (311) and (200) for Fe2O3 and AgO,
respectively.

3.1.4 Vibrational Spectroscopy

Figure 3 provides the infrared spectra for the dendritic fibrous
FSFe-supported metal oxides derived from different metal
oxides, highlighting the interaction of key functional groups.
In Fig. 3A, dominant peaks appear within the 1400–400 cm-1

range, indicative of various functional groups present across

Fig. 3 A FTIR spectra of a FSFe b 5AgO/FSFe and c 5ZrO2/FSFe
in the range of 400–1400 cm−1 and Gaussian peak area of the FTIR
deconvolution peak at B 700–400 cm−1

all catalysts. Notable peaks reveal the presence of an asym-
metric Si–O–Si network (1240 and 1090 cm-1), a Si–OH
stretching band (964 cm-1), Si–O–Si symmetric vibration
(800 cm-1), and Si–O–Si bending vibration (467 cm-1) [30,
31]. These consistent bands across the catalysts confirm that
the FSFe structure remains stable even after metal oxide
incorporation, aligning with findings from XRD analyses.

Figure S3 presents the Gaussian curve-fitting analyses
in the 700–400 cm−1 region, offering deeper insights into
the metal–oxygen vibrational modes and their interactions
with the fibrous silica iron framework. These spectral fea-
tures further reflect the structural modifications induced by
metal oxide incorporation within the synthesized catalysts.
The transmittance intensities corresponding to each peak
are summarized in Fig. 3B. The spectral region between
700 and 400 cm−1 was deconvoluted into three distinct
peaks assigned to Si–O–Si (463 cm−1), M–O (560 cm−1),
and Si–O–M (M = Ag, Zr) at 623 cm−1 [30, 31, 49].
This observation may suggest that AgO was more effec-
tively incorporated into the FSFe framework through the
desilication process, potentially forming stronger Si–O–Ag
linkages. Such interactions could plausibly stabilize Ag
within the silica iron matrix and may facilitate improved
charge-transfer pathways, thereby enhancing the catalytic
functionality. The wide range scan revealed a minor peak
at 964 cm−1, attributed to the stretching vibrations of silanol
(Si–O–H) groups, with FSFe exhibiting the highest inten-
sity [49]. Upon incorporation of metal oxides, the Si–O–H
band intensity decreased, which could indicate the dehydro-
genation of surface silanol groups through interactions with
metal atoms during the electrolysis process, hence producing
Si–O–Mbonds. The desilication of Si–O–Si and the substitu-
tion of hydrogen atoms consequently result in the intensities

123



Arabian Journal for Science and Engineering

Fig. 4 A Photoluminescence
spectra and B EIS Nyquist plots
of the catalysts. CMott–Schottky
analysis for synthesized catalysts

of Si–O–M in 5AgO/FSFe, higher than 5ZrO2/FSFe cata-
lysts. The augmentation of this band is anticipated to create
a defect level between the activation energies of FSFe and
AgO, which may effectively reduce the photocatalyst’s band
gap and thereby enhance its efficiency in the photocatalytic
removal of Cr(VI) and MO.

3.1.5 Optical and Photoluminescence Properties
and Chemical Oxidation State

The optical properties of the catalysts in their compos-
ite structures were analyzed through UV–Visible Diffuse
Reflectance Spectra (UV–Vis/DRS) studies, employing the
Kubelka–Munk equation (Eq. 1) for detailed assessment. The
results of these analyses are illustrated in Fig. S4.

(αhv)2 = A
(
hv − Eg

)
(1)

Key parameters analyzed include band gap energy (Eg),
light frequency (ν), absorbance (A) (cm−1), and Planck’s
constant (h). As shown in the inset of Fig. S4, the pristine
band gaps of AgO and ZrO2 were determined to be 1.75
and 3.10 eV, respectively, while the composite band gaps
of 5AgO/FSFe and 5ZrO2/FSFe were measured at 1.80 and
1.95 eV following metal oxide incorporation. These results
suggest that the electrodeposition of AgO narrowed the pris-
tine FSFe band gap from 1.85 eV, thereby enhancing its
responsiveness to visible light and facilitating the genera-
tion of reactive species that promote superior photocatalytic
activity. In contrast, 5ZrO2/FSFe exhibited an opposite trend
upon ZrO2 deposition. This behavior is consistent with the
quantum confinement effect, wherein the band gap energy
inversely correlates with the crystallite size (below 10 nm)
of themetal oxide-dopedFSFe catalysts [50]. Supporting evi-
dence from FTIR analysis further indicates that 5AgO/FSFe
possesses the highest concentration of Si–O–M bonds within

its catalyst matrix, reinforcing the enhanced structural inte-
gration of AgO.

Photoluminescence (PL) analysis is commonly used to
evaluate the recombination of electron–hole pairs in pho-
tocatalysts, indicating the efficiency of charge carrier sep-
aration and mobility. PL spectra (400–800 nm) as pre-
sented in Fig. 4A revealed that the 5AgO/FSFe catalyst had
much lower emission intensity than 5ZrO2/FSFe, suggest-
ing fewer electron–hole recombination events. This decrease
is attributed to AgO promoting heterojunction formation,
which enhances charge transfer and reduces recombination
[51]. Notably, 5AgO/FSZr exhibited the lowest PL inten-
sity, indicating superior charge separation and movement.
These findings are consistent with UV-DRS results, confirm-
ing the improved photocatalytic redox performance of the
AgO/FSFe catalysts. Furthermore, this observation is further
supported by the EIS analysis (Fig. 4B), where 5AgO/FSFe
displays a markedly smaller arc diameter compared to
5ZrO2/FSFe and pristine FSFe. The reduced arc diameter
may suggest lower charge-transfer resistance, which could
imply a prolonged electron lifetime before recombination.

Mott–Schottky analysis was conducted to evaluate the
flat-band potentials of the catalysts and to elucidate their
semiconductor type and charge-transfer behavior, as illus-
trated in Fig. 4C. The plots revealed that FSFe and ZrO2

exhibited negative slopes with flat-band intercepts at 0.73
and − 0.70 eV, respectively, indicative of n-type semicon-
ducting behavior. In contrast, AgOdisplayed a positive slope,
characteristic of a p-type semiconductor, with a correspond-
ing flat-band potential of 1.10 eV. Together with the EIS and
PL results, the Mott–Schottky analysis suggests that the p–n
semiconductor alignment of AgO/FSFe promotes effective
charge separation, which may account for the improved pho-
tocatalytic activity [32, 52].

The oxidation states of the FSFe and 5AgO/FSFe cata-
lysts were ascertained by XPS inspection, as seen in Fig. 5.
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Fig. 5 XPS spectra of survey A O1s, B Si2p, and C Fe2p of
a 5AgO/FSFe and b FSFe and D Ag3d of 5AgO/FSFe catalyst

Two distinct peaks were identified upon deconvolution of
the O1s spectra of 5AgO/FSFe and FSFe. The O1s spec-
trum of FSFe (Fig. 5A/b) shows the peaks at 530.57 eV and
531.39 eV representing lattice oxygen (Si–O and/or Fe/O)
and hydroxyl oxygen (–OH), respectively [26, 53]. After
the addition of AgO (Fig. 5A/a), a red-shift phenomenon
occurred where the binding energies shifted to the lower
binding energy. This allows electron transfer from AgO to
FSFe prompting a contact to form between the Si–O in FSFe
and the AgO, resulting in the formation of the Si–O–Ag
bond. Furthermore, the high intensities of the hydroxyl oxy-
gen (530.32 eV) in 5AgO/FSFe would signify that more
oxygen vacancies are present consequently increasing the
carrier transfer rate [54]. The Si 2p spectrum is illustrated in
Fig. 5B/b, where the deconvoluted peaks are at 101.43 eV
(Si–O–Si) and 102.11 eV (Si–O–Fe). A significant decline
in the Si–O–Fe peak was in line with findings from the FTIR
analysis showing the possible substitution of Si or Fe atoms
withAg atoms. Figure 5C/b shows Fe2p3/2 and Fe2p1/2 peaks
exist in FSFe, which correspond to 709.16 eV and 723.72 eV.
Another satellite peak was observed at 713.17 eV in between

Fe2p3/2 and Fe2p1/2 peaks assigned to the Fe3+ state in Fe2O3

of FSFe [26, 54]. The difference in binding energy between
Fe2p3/2 and Fe2p1/2 peaks remains constant, indicating no
formation of Fe2+ ions [55]. In Fig. 5D, AgOwas discovered
to have a doublet peak at 365.72 eV and 371.72 eV, with
spin–orbit energy separations of 6 Ev [56].

3.2 Simultaneous Photocatalytic Removal of Cr(VI)
andMO

Figure 6A, B illustrates the concurrent photocatalytic elimi-
nation of Cr(VI) and MO for the synthesized photocatalysts
(5ZrO2/FSFe, 5AgO/FSFe, and FSFe). To assess photocat-
alytic efficiency, the mixture of Cr(VI) and MO solutions
was combined with each photocatalyst and stirred in dark-
ness for an hour to reach adsorption–desorption equilibrium.
Subsequently, visible-light exposure at a stable ambient tem-
perature continued for three hours.

To examine the comparative performance of these metal
oxide-modified catalysts, their simultaneous Cr(VI) reduc-
tion and MO degradation were evaluated. Upon 180 min
of illumination, the FSFe photocatalyst exhibited the lowest
efficiency in removing Cr(VI) (8.75%) and MO (24.10%),
likely due to the rapid electron–hole recombination rate
intrinsic to FSFe. The 5AgO/FSFe catalyst demonstrated
superior efficacy, achieving Cr(VI) removal of 41.05% and
MOdegradation of 98.93%, outperforming5ZrO2/FSFewith
photoremoval of 20.70% and 42.55%, respectively. The
photocatalytic efficiency was markedly enhanced upon the
integration of metal oxides with FSFe, suggesting the forma-
tion of a heterojunction between FSFe and the metal oxides.

The distinct behaviors in Cr(VI) photoreduction and MO
photodegradation are elucidated in schematic band energy
diagrams for AgO/FSFe and ZrO2/FSFe as presented in
Fig. 7. It is well known that in n-type semiconductors, the
conduction band energy (ECB) lies around 0.1–0.3 eV above
the flat-band potential, while in p-type semiconductors the
valance band energy (EVB) lies around 0.1–0.3 eV below
it [52, 57]. Therefore, with the flat-band potential obtained
from Fig. 4C, the ECB of FSFe and ZrO2 was 0.43 and −
1.00 eV, respectively, whereas the EVB of AgO was 1.40 eV.
The band gap energy (EG) of each composite, previously
determined fromFig. S4, allows for calculationof the remain-
ing ECB and EVB energies using Eq. 2 for each synthesized
catalyst.

EVB = ECB + EG (2)

The estimated ECB values for AgO are − 0.35 eV, while
the calculated EVB values for FSFe and ZrO2 were 2.23
and 2.10 eV, respectively. For comparison, the position
of ECB and EVB of pristine Fe2O3 was in the region of
0.31 and 2.15 eV, respectively [58]. Upon incorporation of
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Fig. 6 A and B are the effect of
different metal oxide doping onto
FSFe photocatalyst, while C and
D are the effect of different AgO
loadings onto FSFe photocatalyst
for simultaneous removal Cr(VI)
and MO, respectively, [pH = 1,
catalyst dosage = 0.125 g L−1,
[Cr(VI)] = 40 mg L−1 and [MO]
= 10 mg L−1]

Fe2O3 into the silica framework, the band positions of FSFe
shifted toward the oxidative region for both ECB and EVB.
Although the EVB of FSFe is positioned close to the oxida-
tion potential of H2O, its ECB remains more positive than the
redoxpotential ofCr(VI)/Cr(III). This unfavorable alignment
increases the probability of electron–hole recombination, as
confirmed by the PL analysis. Hence, subsequent modifica-
tion of FSFe with metal oxides (AgO and ZrO2) effectively

adjusts the ECB position, thereby enhancing charge separa-
tion and improving the simultaneous photocatalytic removal
of Cr(VI) and MO.

Furthermore, the schematic diagram illustrates that both
systems are indicative of a Type II heterojunction, in which
photogenerated electrons migrate from the conduction band
of metal oxide (AgO, ZrO2) to that of FSFe, while the cor-
responding holes transfer from the valence band of FSFe to
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Fig. 7 Proposed mechanism for AgO/FSFe and ZrO2/FSFe in simultaneous photocatalytic removal of Cr(VI) and MO

that of metal oxide. This staggered band alignment facil-
itates efficient spatial separation of charge carriers at the
interface. The formation of a Type I heterojunction can be
excluded, as the energy offset between the conduction band
of FSFe and the valence band of the metal oxides is relatively
large, thereby limiting the likelihood of direct electron–hole
recombination [59]. Furthermore, a key distinction lies in the
interfacial interactions, where the integration of AgO with
FSFe gives rise to a p–n heterojunction, while the incorpo-
ration of ZrO2 with FSFe results in an n–n junction. The
formation of a p–n heterojunction is generallymore favorable
for facilitating efficient charge separation and suppressing
electron–hole recombination, thereby enhancing photocat-
alytic activity, whereas n–n junctions typically exhibit less
effective charge transfer across the interface [36, 37]. The
FSFe catalyst exhibited the lowest efficiency in the photore-
moval of Cr(VI) and MO, likely due to its limited capability
for effective charge carrier separation, which accelerates
electron–hole recombination and consequently diminishes
its photocatalytic performance compared to the metal oxide-
modified catalysts.

After the incorporation of metal oxides onto the FSFe
catalyst, the photocatalytic removal efficiencies of Cr(VI)
and MO were markedly enhanced. Both synthesized cata-
lysts exhibited band edge positions that surpass the standard
oxidation potential of OH−/·OH (Eθ = + 1.99 eV vs NHE),
the reduction potential of Cr(VI)/Cr(III) (Eθ = + 1.33 eV
vs NHE), and the redox potential of oxygen O2/·O2

− (Eθ

= − 0.33 eV vs NHE) [41, 60, 61]. These favorable band
alignments suggest that the photogenerated electron–hole
pairs can be effectively separated and exploited to drive
the simultaneous reduction of Cr(VI) and degradation of
MO. Compared with 5AgO/FSFe, the 5ZrO2/FSFe cata-
lyst exhibited noticeably poorer photocatalytic performance,
which may be attributed to its unfavorably aligned band
positions located further from the relevant redox potentials.
This misalignment likely restricts the generation of reactive
species such as ·OH radicals available to photocatalytically
remove Cr(VI) and MO efficiently consequently promoting
rapid electron–hole recombination. Moreover, 5AgO/FSFe
demonstrates superior outcomes in the simultaneous pho-
tocatalytic removal of Cr(VI) and MO, not only due to its
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narrow band gap, which enhances photon absorption, but
also due to its advantageous band alignment that favors
toward oxidation region, facilitating efficient transfer of pho-
togenerated electrons and holes, thereby enhancing treatment
efficacy for both heavy metal ions and organic dyes [62, 63].

Next, the effect of AgO loading was further studied
as shown in Fig. 6C, D. AgO/FSFe was synthesized with
three different weight loadings of AgO, which are 3, 10,
and 15 wt%. From the figure, it can be observed that the
simultaneous photocatalytic removal of Cr(VI) and MO for
10AgO/FSFe was the highest performance up to 41.84% and
99%, respectively. It is recorded low in photocatalytic redox
removal of pollutants at 3wt% was attributed to a higher
rate of charge carriers recombination, whereas at 15wt% of
AgO, the occurrence of the shading effect could hinder the
exposure of active sites to visible light [30, 64]. Therefore,
10AgO/FSFe has been used for further studies in photocat-
alytic performance.

The pH of the pollutant solution plays a pivotal role in
determining the chemical composition of the contaminants,
the surface charge of the photocatalyst, and the affinity of the
pollutant to adsorb onto the catalyst’s surface. As depicted
in Fig. S5, the simultaneous photocatalytic elimination of
Cr(VI) and MO by 5AgO/FSFe is markedly influenced by
the pollutant pH, with removal efficiency amplifying as the
pH decreases. Optimal photocatalytic reduction of Cr(VI)
and MO degradation was observed at extreme acidic condi-
tion (pH 1), achieving removal efficiencies of 41.84% and
99%, respectively. According to Le Chatelier’s principle, H+

ions facilitate the reduction of Cr(VI) to Cr(III), promoting
a favorable reaction pathway in acidic environments (Eqs. 3,
4). Conversely, in alkaline conditions, the presence of OH−
ions adversely impacts the process, as they reduce the solu-
tion’s acidity, effectively hindering the reaction’s progress
(Eq. 5) [65].

HCrO−
4 + 7H+ + 3e− → Cr 3+ + 4H2O (3)

Cr2O
2−
7 + 14H+ + 6e− → 2Cr3+ + 7H2O (4)

CrO2−
4 + 4H2O + 3e− → Cr(OH)3 + 5OH− (5)

When the pHpzc of the catalyst commonly at pH6 was
higher than the system’s pH, the catalyst surface gains a
positive charge, leading to more protonated sites. Research
has shown that this positively charged surface can enhance
electrostatic attractionwith primary chromium species, espe-
cially in acidic environments containing ions like Cr2O7

2−
and HCrO4

−, aiding in the reduction of Cr(VI) [30, 65].
Under acidic conditions, the molecular structure of methyl
orange (MO) shifts into a quinone form, which is more read-
ily oxidized than its azo form, typically seen in basic media

[66, 67].ApHof 1,with its highH+ ion concentration, creates
ideal conditions for this quinone form to be drawn to catalyst
sites, increasing the catalyst’s ability to produce hydroxyl
radicals and enhancing photocatalytic activity [68, 69]. As
pH rises, the reaction efficiency drops due to an increase in
competing hydroxyl groups, which interfere with azo dye
oxidation. Supporting evidence for MO’s quinone structure
at low pH includes shifts in both absorbance peak and color.
Although the optimal photocatalytic performance of Cr(VI)
andMOon 10AgO/FSFe occurs at pH 1, pH 3was chosen for
further studies to adhere to environmentally ethical practices.

To examine the effect of catalyst dosage on the concur-
rent photocatalytic removal of Cr(VI) and MO, the catalyst
amount of 10AgO/FSFe varied from 0.125 to 0.375 g L−1.
Initial pollutant concentrations were set at 40 mg L−1 for
Cr(VI) and 10 mg L−1 for MO, with a pH level of 3. As
shown in Fig. S6, the optimal catalyst dosagewas determined
to be 0.25 g L−1, yielding maximal photocatalytic removal
efficiencies of 99.35% forMO and 49.80% for Cr(VI). A fur-
ther increase in dosage to 0.375 g L−1 resulted in a shielding
effect, limiting light penetration and subsequently diminish-
ing removal efficacy [70].

The study also evaluated the influence of initial pollutant
concentration ratios, ranging from10 to80mgL−1 forCr(VI)
with MO held constant at 10 mg L−1, to assess the kinetics
of simultaneous photocatalytic removal using 10AgO/FSFe.
The investigation considered the impact of initial pollutant
concentration on the removal performance of both the target
pollutant and the adjacent contaminant within the system.
To model the impact of initial concentrations on the cat-
alyst’s efficacy, the Langmuir–Hinshelwood kinetic model
(Eq. 6) was applied, allowing for an analysis of the optimal
10AgO/FSFe catalyst’s kinetic parameters in the photocat-
alytic process. This model was derived through Eq. 7 for
comprehensive kinetic evaluation.

lnCt = −kt + lnCo (6)

ln(Co/Ct ) = kt (7)

Here, Ct and Co represent the concentrations of the
model pollutant at a specific time (t) and at the initial
time (t = 0), respectively, with k denoting the pseudo-
first-order rate constant. The simultaneous photocatalytic
removal of Cr(VI) and MO using the 10AgO/FSFe cata-
lyst follows a pseudo-first-order kinetic model, as indicated
by the linear correlation between ln(Co/Ct) and irradiation
time (Fig. S7A-B). Table S1 summarizes the apparent rate
constant (kapp) and the initial rate (ro) for Cr(VI) and MO,
with the coexisting pollutant concentration maintained at
10 mg L−1.
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The peak kapp value for Cr(VI) reduction was observed at
an initial concentration of 20 mg L−1, achieving 5.40 × 103

min−1 when the initial concentration of MO was constant
at 10 mg L−1, and the initial Cr(VI) concentration was var-
ied between 10 and 80 mg L−1. Beyond this concentration,
Cr(VI) photoreduction decreased as competitive adsorption
between pollutants for active sites and limited active species
separation [71]. When the initial MO concentration was var-
ied from 10 to 80 mg L−1 while keeping Cr(VI) constant, the
maximum kapp (21.90 × 103 min−1) was recorded when the
MO concentration was at 10 mg L−1. The observed reduc-
tion in reaction rate with increased MO concentration was
attributed to limited photon penetration into the catalyst due
to a shortened optical path length at higher MO levels [72].
Moreover, Eq. 8 served as a reference in constructing the
Langmuir–Hinshelwood kinetic model.

(
1/kapp

) = (1/kr KLH) + (Co/kr ) (8)

Here, kr indicates maximum reaction rate achievable
under ideal conditions (mgL−1min−1), KLH is the Lang-
muir–Hinshelwood adsorption constant, reflecting the affin-
ity of the pollutant for the catalyst surface (L mg−1), and Co

represents the initial pollutant concentration (mg L−1). As
stated in Table S1, it can be observed that the kr and KLH

values for reduction of Cr(VI) were 0.944 mg L−1 min−1

and 0.003 L mg−1, respectively, proving that the adsorption
ofCr(VI) onto the catalyst surface is the primary rate-limiting
step. Conversely, for MO degradation, the values of kr and
KLH were 0.05 mg L−1 min−1 and 0.12 L mg−1, suggesting
that the reaction’s rate-limiting step predominantly occurs in
the bulk solution rather than on the catalyst surface. These
divergent values elucidate the underlyingmechanisms at each
phase of the reaction, providing valuable insight into the
distinct kinetic processes governing the removal of each pol-
lutant.

Figure S8A-B is employed to elucidate the influence of
one pollutant’s initial concentration on the adjacent pollu-
tant within a simultaneous pollutant system. In particular,
Fig. S8A illustrates that the photoreduction of Cr(VI) reaches
its peak efficiency when the initial concentration of MO is
maintained at 10 mg L−1. However, a marked decrease in
Cr(VI) reduction efficiency is observed as the concentration
of MO escalates. Elevated concentrations of this acidic dye
inhibit Cr(VI) from adequately binding to the active sites of
the catalyst, thereby diminishing the conversion of Cr(VI) to
its less toxic form [73].Contrastingly, as depicted inFig. S8B,
variations in the initial concentration of Cr(VI) exert minimal
influence on the photodegradation efficacy of MO. Conse-
quently, an initial concentration ratio of 20 Cr(VI):10 MO
is deemed optimal, and this ratio will be maintained as a
constant parameter in subsequent experiments.

To further evaluate the photocatalytic efficiency of
10AgO/FSFe in the dual removal of Cr(VI) and MO, addi-
tional experiments were conducted under visible-light irradi-
ation under varying conditions, as illustrated in Fig. S9A-B.
In the absence of a catalyst (photolysis system), the removal
efficiencies of Cr(VI) (9%) andMO (12.5%)were negligible,
confirming that the incorporation of 10AgO/FSFe substan-
tially enhances both the photoreduction of Cr(VI) and the
photodegradation of MO. Moreover, the results indicate that
the removal efficiencies of Cr(VI) andMOwere significantly
higher in the simultaneous pollutant system compared with
the single-pollutant systems (19.16% and 38.21%, respec-
tively). This enhanced performance can be attributed to the
more effective separation of photogenerated electron–hole
pairs. Overall, the findings suggest that in this work, the dual
photocatalytic system predominates, as both pollutants con-
currently exploit the oxidative and reductive reactive species
for their removal.

3.3 Mechanism

In Fig. S10A-B, scavenger tests were conducted on
10AgO/FSFe toward photoreduction of Cr(VI) and pho-
todegradation of MO, respectively, to identify the effect of
different reactive species on the photocatalytic performance.
Scavenging agents such as potassium carbonate (K2CO3),
potassiumchlorate (KClO3), and sodiumhydrogen carbonate
(NaHCO3) were used to trap reactive species e−, h+ and ·OH
present inside the system, respectively [30]. FromFig. S10A,
after the addition of K2CO3, the photoreduction of Cr(VI)
drops tremendously from 64.37% to 22.23%, while pho-
todegradation of MO remains constant [74]. Similarly, when
KClO3 was added into the system, the photoreduction of
Cr(VI) remains unchanged, whereas the photodegradation of
MO reduces slightly from 99.45% to 98.85%. The unaffected
result in the performance of photoremoval of Cr(VI) andMO
implies that the respective active species does not contribute
to or inhibit the photocatalytic reactions between the cata-
lyst and the pollutants. On the other hand, when NaHCO3

was distributed homogenously into the photocatalytic sys-
tem, the reduction of Cr(VI) decreased slightly from 64.37%
to 60.87%, indicating that there is a possible reduction of
Cr(VI) by ·OH. However, it can also be seen that there was
a significant decline from 99.45% to 97.94% for the pho-
todegradation of MO. Hence, it can be concluded that e−
was the predominant active species that contributed to the
photoreduction of Cr(VI), whereas ·OH played a significant
role in the photodegradation of MO. The findings were also
in line with the kinetic studies that prove the majority of
Cr(VI) reduction occurs due to the abundance of e− on the
surface, while the majority of MO degrade due to loads of
·OH present in the bulk medium.
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Toexplore in depth on synergisticmechanismofAgO/FSF
in the visible-light irradiation, an energy band structure was
proposed (Fig. 7). In accordance with the findings of EVB

and ECB above, during the absence of visible light, the acidic
medium allows the Cr(VI) and MO to exist in anionic form,
which then attracts to the positively charged AgO/FSFe cat-
alyst. When visible light is introduced into the system, the
electrons in the valence band of FSFe and AgO are excited to
create electron–hole pairs (Eq. 9). Consequently, under the
Type II heterojunction pathway, the photogenerated electrons
migrate from the conduction band of AgO to the conduction
band of FSFe, leading to electron accumulation at the ECB

of FSFe, while the photogenerated holes transfer from the
valence band of FSFe to the valence band of AgO, resulting
in hole accumulation at the EVB of AgO. This spatial charge
separation effectively suppresses electron–hole recombina-
tion and promotes the generation of reactive species, thereby
enhancing the overall photocatalytic performance. A similar
charge-transfer pathway can be proposed for the ZrO2/FSFe
system; however, the formation of an n–n heterojunction,
rather than a p–n interface, leads to inefficient charge sep-
aration and accelerated electron–hole recombination. This
mechanistic limitation is corroborated by the larger Nyquist
arc radius in EIS analysis and the stronger PL emission inten-
sity of ZrO2/FSFe, both ofwhich reflect poorer charge carrier
dynamics. Consequently, ZrO2/FSFe exhibits inferior photo-
catalytic performance comparedwith the highly efficient p–n
heterojunction established in AgO/FSFe.

According to the calculated band energies, ·O2
− was pro-

duced in both AgO/FSFe and ZrO2/FSFe photocatalysts due
to the ECB value of AgO and ZrO2 being higher compared
to the standard redox potential of O2/·O2

− (Eθ = − 0.33 eV
vs. NHE) (Eq. 10) [24]. The substantial improvement in MO
photodegradation by AgO/FSFe compared with ZrO2/FSFe
can presumably be attributed to the favorable alignment of
AgO’s conduction band with the standard redox potential of
O2/·O2

−, which facilitates efficient redox processes. Con-
versely, the poor photocatalytic response of ZrO2/FSFe is
likely due to the unfavorable band alignment and the pro-
nounced recombination of photogenerated charge carriers,
both of which severely hinder its ability to degrade MO.

AgO/FSFe + hv → e− + h+ (9)

O2 + e− → ·O−
2 (10)

Simultaneously, the photo-induced holes (h+) present in
the EVB of AgO and FSFe advance to the surface of the pho-
tocatalyst, instigating a direct oxidative degradation process
of MO as delineated in Eq. 11. Furthermore, the EVB poten-
tial of FSFe surpasses that of hydroxyl radicals, H2O/·OH
(1.99 eV), enabling the generation of ·OH radicals through h+

to facilitate the oxidation ofMO, as outlined in Eqs. (12–14).
Consistent with prior predictions from scavenger analyses,
these findings underscore that ·OH and h+ are the predom-
inant reactive entities causing the photodegradation of MO.
The complete decomposition of MO can thus be attributed
to the active intervention of these reactive species.

MO + h+ → Degradation of MO (11)

OH− + h+ → ·OH (12)

·OH + MO → Degradation of MO (13)

Degradation of MO → CO2 + H2O (14)

Cr(VI) + 3e− → Cr(III) (15)

Similarly, Eq. (15), which describes the mechanisms
underlying the reduction of Cr(VI) to Cr(III), is shown.
The photogenerated electron produced on both catalysts can
undergo the photoreduction of Cr(VI) to Cr(III), as the redox
potential of Cr(VI)/Cr(III) (Eθ = + 1.33 eV vs NHE) is
more positive than the ECB on both AgO and FSFe. How-
ever, since the nature of photogenerated electrons is unstable
at lower energy levels, these excited electrons tend to recom-
bine with h+ in the EVB. The incorporation of AgO into FSFe
would inhibit this unfavorable process from occurring due to
efficient charge transfer between these two heterojunctions.
From previous oxidation state studies, the transfer of charges
from AgO to FSFe would support the inability of photogen-
erated electrons to remain on the ECB of AgO and further
transport to a higher possible energy level, which was the
ECB of the FSFe catalyst. In comparison with pristine FSFe,
this modification would produce an abundance of electrons
on the ECB of FSFe and consequently enhance the photore-
duction of Cr(VI) to Cr(III). The addition of AgO enhances
charge transfer within the AgO/FSFe heterojunction, allow-
ing for more effective charge consumption. In contrast with
ZrO2/FSFe, the misaligned EVB of ZrO2 in the ZrO2/FSFe
composite likely hampers the effective separation of photo-
generated holes, thereby suppressing their participation in
redox reactions and consequently limiting the reduction of
Cr(VI) to Cr(III). Therefore, the 10AgO/FSFe setup pro-
motes charge separation and migration, optimizing reactive
species for effective photocatalytic removal of these pollu-
tants.

3.4 Effect of Organic Dyes, Reusability, and Stability

Since the actual effluent of industrial wastewater contains
other types of organic dye, a study on the behavior of the out-
performing photocatalyst on different dyes is significant. The
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simultaneous photocatalytic reduction of Cr(VI) and degra-
dation of organic dyes by 10AgO/FSFe were investigated,
where the organic dye component was varied separately
among MO, Rhodamine B (RhB), Methylene Blue (MB),
and Congo Red(CR) as shown in Fig. S11A, B. From the
figure, it can be observed that the photoreduction of Cr(VI)
was the highest when it was mixed with RhB (87.50%) fol-
lowed byMO (64.37%), CR (27.40%), andMB (0.72%) after
exposure to light for 180 min. The same trends were also
observed in the performance photodegradation of organic
dyes, which shows the highest for RhB (99.78%) followed
by MO (99.45%), CR (87.37%), and MB (66.41%). The
photoremoval of Cr(VI) and organic dye for RhB gave the
highest performance, possibly due to its highly conjugated
chromophores, which efficiently absorb visible light to gen-
erate reactive oxygen species (ROS), while its strong surface
adsorption and electron-rich groups promote effective oxida-
tive degradation [75, 76]. The photoremoval of Cr(VI) and
organic dye for CR exhibits lower efficiency thanMO, likely
attributable to the simpler molecular structure and smaller
size of the MO molecule. This facilitates easier access to
active sites on the photocatalyst surface, resulting in more
efficient degradation, despite both being classified as azo
dyes [77–79]. Furthermore, the photoremoval efficiency of
Cr(VI) and organic dye for MB is inferior when compared to
that of RhB, MO, and CR. This discrepancy arises from the
more effective degradation of MO, attributed to a stronger
electrostatic attraction between its anionic form and the
positively charged catalyst surface. In contrast, MB, being
cationic, encounters repulsion, resulting in reduced adsorp-
tion despite the increased generation of ROS under acidic
conditions [80].

The potential to recover and reuse a catalyst in photocatal-
ysis is particularly promising for reducing operating costs,
and it could support the broader adoption of photocatalysis
as an effective method for wastewater treatment. In repeat-
ing experiments, 10AgO/FSFe was tested for its stability
in reducing Cr(VI) and degrading MO, with results illus-
trating the catalyst’s resilience. Even after three successive
cycles, the catalyst continued to degrade MO, underscor-
ing its strong photocatalytic performance and reusability
(Fig. S12). Across five cycles, a marked reduction in Cr(VI)
levels was observed, possibly due to re-oxidation of Cr(VI)
to Cr(III), demonstrating the composite’s effectiveness and
endurance in practical applications [81].

Table S2 provides a summary of selected studies on pho-
tocatalytic removal of pollutants by previous researchers.
10AgO/FSFe showed the best photodegradation ofMO com-
pared to other photocatalysts probably due to well-formed
heterojunction formation and unique morphology of the
unique fibrous morphology. Li et al. reported high degra-
dation of MO, whereas Kosyuren et al. presented excellent
photoreduction of Cr(VI) [82, 83]. This unfavorable reaction

however focused on a single system which caused the pos-
sible interaction between oxidation and reduction was not
explored effectively. Huang-Mu et al. presented an innova-
tive approach utilizing both reduction and oxidation in the
photocatalytic removal of two organic pollutants which are
reactive red 120 (RR 120) and orange II (O-II) [84]. Several
researchers also had been focused on simultaneous photocat-
alytic reduction and degradation of heavy metal and organic
pollutant, respectively [30, 85, 86]. Continuous develop-
ment of new photocatalysts in simultaneous photocatalytic
removal of Cr(VI) and MO has shown promising results;
however, high catalyst dosage and longer reaction time could
become costly to be upscale [26, 87, 88]. Fibrous silica iron
(FSFe) was previously developed for removing pollutants
via photo and photo-Fenton processes, but due to its limited
Cr(VI) reduction, incomplete performance, and reliance on
hydrogen peroxide, its enhancement is imperative for supe-
rior pollutant elimination [26]. 10AgO/FSFe demonstrates
promising potential in developing more efficient photocat-
alytic materials for the simultaneous remediation of heavy
metal and organic contaminants.

4 Conclusion

In conclusion, a novel fibrous silica iron (FSFe) photocatalyst
dopedwith silver oxide (AgO) and zirconium dioxide (ZrO2)
was successfully developed through microemulsion–elec-
trolysis synthesis. Structural analysis confirmed the uniform
dispersion of AgO nanoparticles on the fibrous framework,
with FTIR revealing the formation of Si–O–M bonds that
indicate strong chemical interactions. XPS further validated
electron transfer from AgO to FSFe, reinforcing the forma-
tion of an efficient p–n heterojunction. Among the catalysts,
10AgO/FSFe exhibited outstanding photocatalytic activity,
achieving 64.37% Cr(VI) reduction and 99.45% MO degra-
dation under optimized conditions (pH 3, 0.25 g L−1 catalyst
dosage, and initial concentrations of 20 mg L−1 Cr(VI) and
10 mg L−1 MO). Scavenger experiments confirmed that
photogenerated electrons predominantly drive Cr(VI) reduc-
tion, while ·OH radicals are the main contributors to MO
degradation. Notably, the simultaneous removal system out-
performed the single-pollutant system due to the efficient
consumption of both oxidative and reductive species. Beyond
MO, the catalyst also demonstrated high activity toward
other dyes (RhB > MO > AB > CR > MB), confirming
its broad applicability. Moreover, the 10AgO/FSFe catalyst
retained excellent performance over five successive cycles,
underscoring its durability and stability. Collectively, these
findings demonstrate that integrating Fe2O3 into a fibrous
silica framework, coupled with the incorporation of AgO
onto FSFe, induces an oxidative band alignment shift and
establishes a robust p–n heterojunction. This configuration
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promotes superior charge separation, broad-spectrum pollu-
tant degradation, and excellent reusability, positioning the
material as a promising candidate for advanced wastewater
treatment applications.
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